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Abstract 


The  purpose  of  this  investigation  was  to  characterize  the  material  produced  by 
Northrop  Grumman  during  an  effort  to  obtain  semi-insulating  SiC.  The  semi- 
insulating  SiC  is  needed  to  further  develop  devices  operating  at  microwave 
frequencies.  High  temperature  Hall  effect,  deep  level  transient  spectroscopy 
(DLTS),  optical  absorption,  Fourier  transform  infrared  (FTIR)  spectroscopy,  and 
thermally  stimulated  current  (TSC)  measurements  were  employed  in  concert  to 
examine  the  resultant  boules.  The  polytypes  examined  were  4H,  6H,  and  15R. 
The  product  of  these  experiments  was  that  three  levels  were  detected  which 
were  related  to  the  vanadium  incorporation. 

The  deepest  level  (at  £^-1.35  eV)  detected  in  6H-SiC  as  a  part  of  these 
experiments  was  identified  as  the  isolated  substitutional  vanadium  donor  level 
(0/+).  This  confirmed  previous  predictions  about  the  depth  of  the  donor  level. 
Wafers  were  found  whose  Fermi  level  was  pinned  at  the  vanadium  donor 
resulting  in  insulating  crystals  (extrapolated  to  10’®  i2cm  at  RT).  The  donor  level 
was  occupied  due  to  the  partial  compensation  by  the  boron  acceptor  which  is 
ubiquitous  in  undoped  SiC  samples. 

The  other  level  related  to  the  isolated,  substitutional  configuration  of  vanadium 
is  the  acceptor  level.  This  investigation  was  the  first  to  discover  the  position  of 
this  level  within  the  SiC  band  gap.  DLTS  and  Hall  effect  evinced  an  acceptor 
level  position  of  £^,-0.8  eV  for  the  4H  polytype.  Hall  effect  was  employed 
exclusively  to  ascertain  the  position  in  the  6H  polytype  (at  £^-0.66  eV).  This 
level  was  observed  in  samples  whose  boron  acceptor  and  vanadium  donor 
levels  were  compensated  by  the  common  donor  dopant,  nitrogen.  The  DLTS 
results  also  indicated  that  the  vanadium  level  can  be  incorporated  in 
concentrations  up  to  3x10’^  cm'®.  At  these  concentrations,  it  is  a  viable  deep 
dopant  for  the  compensation  of  residual  donor  and  acceptor  species  at  room 
temperature. 

The  final  deep  level  that  was  attributed  to  vanadium  was  a  complex  with  another 
undetermined  impurity.  This  complex  introduces  a  deep  level  at  £j.-0.78  eV  as 
determined  by  optical  admittance  spectroscopy.  It  also  responsible  for  an 
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the  NIR  band  indicate  that  the  defect  also  aligns  itself  along  the  c-axis.  Based 
upon  these  polarization  studies,  the  transition  that  results  in  this  NIR  absorption 
was  classified  as  a  intracenter  absorption  of  a  linear  defect  with  a 

symmetry.  The  second  element  in  the  complex  was  not  ascertained,  but 
nitrogen  was  suggested  as  a  viable  candidate. 
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Introduction 


Since  the  initial  studies  of  single  crystalline  silicon  carbide  in  the  1950's,i  the 
prospects  for  the  implementation  of  the  material  using  all  of  its  advantages  have 
been  elusive.  Its  wide  band  gap  characteristics  as  well  as  other  desirable 
electronic  properties  were  the  main  driving  force  for  this  initial  work.  However, 
two  major  stumbling  blocks  persisted  which  hindered  the  development  of  SiC. 
The  first  of  the  these  stumbling  blocks  was  the  n-type  character  of  most  undoped 
crystals.  Studies  later  showed  that  this  character  resulted  from  nitrogen 
contamination  which  was  very  difficult  to  remove.  The  more  challenging  obstacle 
was  that  the  crystals  were  very  small,  at  most  1.5  cm^  platelets.  With  the  small 
size,  the  wide  scale  implementation  would  never  lend  itself  to  viable, 
economically  feasible  SiC  devices.  This  problem  of  crystal  size  required  the 
development  of  a  new  technique  which  was  partly  based  upon  that  of  the  Lely. 
Only  after  this  new  technique  was  introduced  was  the  purification  of  the  grown 
boules  possible.  Before  discussing  the  aforementioned  new  technique,  a 
discourse  on  the  applicability  of  SiC  will  be  Conducted. 

1.1  Silicon  Carbide  Properties/Materials  Characteristics 

In  many  ways  silicon  carbide  is  an  extremely  useful  material  for  electronic 
applications.  One  of  the  principal  advantages  is  the  width  of  its  band  gap,  which 
places  it  within  a  sub-category  of  semiconductors  termed  wide-band-gap. 
Shown  in  table  1.1  is  a  comparison  with  several  other  semiconductors,  both 
conventional  and  wide-band-gap.  From  this  table,  several  advantages  are 
apparent. 
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Table  1.1 -Important  semiconductor  properties  of  various  conventional  and  wide-band-gap  materials' 


Property 

Si 

GaAs 

GaP 

3C  SiC 

6H  SiC 

Diamond 

GaN 

Band  gap  (eV) 
at  300  K 

1.1 

1.4 

2.3 

2.2 

2.9 

5.5 

3.39 

Maximum  operating 
temperature  (K) 

600 

760 

1250 

1200 

1580 

1400 

* 

Meiting  point 

1690 

1510 

1740 

Sublimes 

>2100 

Phase 

change 

* 

Physical  stability 

Good 

Fair 

Fair 

Excellent 

Very  good 

Good 

Electron  mobility 

RT,  cm^A/s 

1400 

8500 

350 

1100 

600 

2200 

900 

Hole  mobility 

600 

400 

100 

40 

1600 

150 

Breakdown  field 

Eb,  106/V/cm 

0.37 

0.4 

- 

4 

10 

5 

Thermal  conductivity 
Ct,  W/m 

1.5 

0.5 

0.8 

5 

20 

1.3 

Sat.  C.  elec,  drift  vel. 
v(sat),  107  cm/s 

1 

2 

- 

2 

2.7 

2.7 

Dielectric  const.  K 

11.8 

12.8 

11.1 

9.7 

5.5 

9 

*-unreported 

The  theoretical  maximum  operating  temperature  is  reported  to  be  much  higher 
(for  the  6H  polytype)  than  the  reported  materials,  save  diamond.  As  a  result  of 
this  property,  it  can  be  employed  in  many  novel  applications.  Possibilities 
include  mounting  SiC  devices  directly  onto  jet  engines  to  monitor  operating 
conditions.  The  principal  advantage  of  this  placement  comes  from  the  fact  that 
all  of  the  necessary  calculations  and  modifications  can  be  performed  very  close 
to  the  sensors,  eliminating  the  weight  of  wires  needed  to  transmit  these  signals 
to  the  devices  presently  employed  or  proposed  by  airline  manufacturers. 
Another  idea  which  capitalizes  on  this  property  includes  placing  a  SiC  device 
inside  of  an  automobile  combustion  chamber  to  analyze  the  performance  of  each 
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cylinder  independently.  The  tinning  could  then  be  adjusted  to  correct  for  any  drop 
in  the  performance  of  a  single  cylinder.  Such  a  contribution  in  this  case  would 
manifest  itself  in  a  savings  from  the  reduction  of  gasoline  usage  in  a  poorly 
performing  engine. 

The  physical  stability  of  SiC  results,  in  part,  from  the  very  strong  bonding 
between  the  silicon  and  carbon  atoms.  This  property  is  necessary  in  application 
in  outer  space  where  very  high  energy  photons  can  readily  damage  more  weakly 
bonded  materials.  In  1963,  suggestions  were  made  attesting  to  the  fact  that  SiC 
could  also  operate  as  an  indicator  of  irradiation  temperature  and  neutron  flux.^ 
The  first  studies  concerning  the  effects  of  neutron  and  gamma-ray  bombardment 
of  SiC  took  place  in  the  early  1960's.^  In  a  subsequent  report,  Canepa  et.  al.® 
indicated  that  SiC  devices  possessed  a  radiation  hardness  100  times  greater 
than  that  of  other  available  Si  devices.  Although  much  of  the  current  research 
into  SiC  has  neglected  this  unique  attribute,  it  is  always  mentioned  as  one 
prospect  for  the  implementation  of  SiC  devices. 

Silicon  carbide's  breakdown  voltage  is  yet  another  category  where  it  exceeds 
other  materials.  This  higher  breakdown  voltage  will  allow  for  the  implementation 
of  high-power  devices  using  silicon  carbide.  An  illustration  of  this  is  in  placing 
SiC  materials  in  a  city's  power  distribution  network.  This  would  allow  the  system 
to  operate  at  closer  to  100%  of  its  power  rating  (up  from  the  current  66%) 
reducing  the  costs  associated  with  building  more  carrying  capacity.  The  current 
buffer  is  employed  so  that  the  equipment  is  not  damaged  in  the  case  of  a  power 
surge.  With  a  smart  electrical  system,  the  devices  would  automatically  switch 
before  the  occurrence  of  equipment  damage.® 
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The  final  important  category  where  SiC  greatly  exceeds  currently  employed 
materials  is  that  of  thermal  conductivity.  A  high  thermal  conductivity  is  crucial  in 
the  high-power  application  where  large  volumes  of  heat  need  to  be  dispersed  in 
a  short  period  of  time  so  that  the  device  does  not  break  down  from  excess  heat. 
An  example  of  the  need  for  high  thermal  conductivities  can  be  seen  with  respect 
to  the  common  Pentium  processor.  Large  heat  sinks  coupled  with  cooling  fans 
are  required  to  sufficiently  reduce  temperatures  and  maintain  device  integrity. 
While  SiC  will  probably  not  replace  silicon  in  the  future,  its  utility  is  clearly  seen  in 
this  example. 

While  these  bulk  properties  underscore  the  importance  of  SiC  development, 
other  device  oriented  properties  further  establish  the  potential  dominance  of 
silicon  carbide  in  future  markets.  Two  parameters  used  to  gauge  the  viability  of 
a  given  material  include  the  Keyes  figure  of  merit  (KFM)^,  and  the  Johnson  figure 
of  merit  (JFM)^.  The  KFM  is  used  as  a  qualitative  description  of  the  thermal 
limitation  of  a  material  on  its  high  frequency  electrical  performance.  Conversely, 
the  JFM  measures  the  frequency  and  power  product  of  a  semiconductor 
transistor.  Table  1.2  is  a  listing  of  the  relative  KFM  and  JFM  for  all  of  the 
materials  that  were  previously  compared  to  SiC.  The  numbers  listed  are 
normalized  to  silicon.  The  definitions  used  to  establish  these  parameters  are  as 
follows:^ 


KFM  =  c-r 


r 

V 


CVc 


x1/2 


47rei 


ay 


(1.1) 
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JFM  = 


(1.2) 


471^ 


where  c  is  the  speed  of  light,  Vg  is  the  saturated  velocity  of  carriers,  and  is  the 
relative  dielectric  constant.  From  this  table,  silicon  carbide  would  make  a  very 
effective  material  for  high-speed  and  high-power  devices.  The  current  state  of 
the  technology  will  be  discussed  in  the  next  sub-section  along  with  some  novel 
devices  for  which  silicon  carbide  is  especially  useful.  However,  one  other  aspect 
of  SiC  needs  to  be  mentioned  before  this  issue  is  addressed. 

One  of  the  most  curious  features  of  the  SiC  system  is  its  propensity  to  form 
structural  modifications  called  polytypes.’o  By  definition,  polytypes  are  crystal 
structures  whose  chemistry  is  similar,  but  whose  stacking  sequence  is  different. 
The  stacking  sequence  refers  to  the  way  in  which  close  packed  planes  are 
stacked  (i.e.  {111}  planes  in  cubic  and  {0001}  planes  in  hexagonal  crystals). 
Additionally,  there  are  three 
classes  of  crystal  structure  found 
among  the  various  polytypes, 
hexagonal,  cubic  and 
rhombohedral. 

Throughout  this  document,  the 
most  frequently  used  terminology 
will  be  that  developed  by 
Ramsdell.ii  This  scheme  uses  two 
features  of  the  crystal  structure,  the  repeat  distance  of  the  stacking  sequence 
and  the  base  crystal  structure  (R  for  rhombohedral,  C  for  cubic,  and  H  for 


Table  1.2-Keyes'  and  Johnson's  figures  of  merit 
for  seiected  semiconductors® 

Materiai 

Normalized  KFM  Normaiized  JFM 

Si 

1 

1 

Ge 

0.27 

0.1 

GaAs 

0.41 

4.67 

GaP 

0.49 

14.3 

6H-SiC 

5.1 

262 

Diamond 

32 

2601 

GaN 

0.46 

16.7 
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hexagonal).  As  an  example  of  this  terminology,  a  sequence  of  layers  whose 
crystal  structure  is  hexagonal  and  after  every  6  diatomic  layers,  the  stacking 
sequence  repeats  itself  is  called  6H.  The  three  polytypes  that  were  examined  as 


a  part  of  this  study  are  4H,  6H,  and  15R.  As  a  manifestation  of  the  polytypic 


formation,  inequivalent  lattice  sites  are  introduced  into  the  crystal.  Shown  in 


figure  1.1  are  schematics  of  the  4H,  6H,  and  15R.  Alongside  the  crystals  are  the 
[Positions  of  the  inequivalent  sites  (1  hexagonal(h)  and  1  cubic(k)  for  4H,  1 
hexagonal(h)  and  2  cubic(k^  and  kg)  for  6H  and  2  hexagonal(h^  and  hg)  and  3 
cubic(k^,  kg,  and  kg)  sites  for  15R).  The  different  sites  in  each  crystal  give  rise  to 
different  crystal  fields  for  the  atoms  occupying  them.  These  different  crystal 
fields  result  in  the  alteration  of  the  absorption  bands,  photoluminescence 
features,  and  activation  energies  of  defects  which  are  subjected  to  them.  These 
specific  distinctions  assist  in  the  interpretation  of  features  in  the  absorption 
spectrum  which  will  be  addressed  in  subsequent  chapters. 
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Suggestions  have  been  made  proposing  that  the  stoichiometry  of  the  crystal  aids 
in  determining  which  polytype  is  grown. ^2  in  order  to  grow  the  various  polytypes, 
the  growth  ambient  is  modified  according  to  empirical  relationships  between 
temperature,  pressure,  and  impurity  content.^s-i^ 

A  principal  result  of  the  polytypic  formation  is  the  different  band  gap  energies 
with  the  different  polytypes.  These  range  from  2.3  eV  in  the  case  of  3C  to  3.4  eV 
in  the  case  of  2H.  The  band  gap  varies  as  a  function  of  the  polytype's  degree  of 
hexagonality.  The  degree  of  hexagonality,  ti,  is  determined  by  dividing  the 
number  of  hexagonal  sites  by  the  total  number  of  inequivalent  sites  in  the  crystal 
(i.e.  0%  for  3C,  33%  for  6H,  40%  for  15R.  50%  for  4H,  and  100%  for  2H).  As  Tj 
increases,  so  too  does  the  width  of  the  band  gap.  Therefore,  if  a  wider  band  gap 
is  required  for  a  given  application,  another  polytype  with  a  higher  r\  may  be 

substituted. 

1 .2  Device  and  Application  Considerations 

Silicon  carbide  has  a  great  potential  for  a  variety  of  electronic  applications. 
These  applications  include  light  emitting  diodes  (LEDs)i5-i7^  bipolar  transistors^s. 
19,  UV  photodiodesi9.  20  and  field-effect  transistors  (FETs).  A  partial  list  of  the 
FETs  that  are  believed  to  be  suitable  for  development  in  the  SiC  system  include: 
the  metal  oxide  semiconductor  FET  (MOSFET)2''-22^  the  junction  FET  (JFET)23-25, 
and  the  metal  semiconductor  FET  {MESFET)19,.  jhe  first  device  to  be 
successfully  developedso .  26. 27  and  marketedi7. 19  in  the  SiC  system  was  the  blue 
LED. 
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Progress  in  the  development  of  the  SiC  devices  can  be  typified  though  an 
analysis  of  the  improvement  of  operating  parameters.  As  an  example  of  these 
trends,  the  breakdown  of  p-n  junctions  improved  from  a  reverse  bias  of 
1000V28.29  to  4500V3°  in  a  matter  of  4  years  from  1991  to  1995.  Additionally,  a 
silicon  carbide  p-n  junction  has  been  shown  to  withstand  current  densities  as 
high  as  60  kA/cm^.^^  These  considerable  accomplishments  give  a  glimpse  of  the 
viability  of  SiC  as  a  high-power  electronic  material.  Other  studies  have  shown 
that  the  ratio  of  the  specific  on-resistance  of  comparable  Si  and  6H-SiC  power 
MOSFETs  is  at  least  1 00  for  breakdown  voltages  above  200V.32 

An  application  for  which  SiC  is  well  suited  is  in  ultraviolet  (UV)  detection.  SiC's 
wide  band  gap  allows  for  a  sensitivity  to  UV  radiation  without  interference  from 
other  longer  wavelength  sources.  This  is  critical  in  applications  where  the  UV 
signal  to  be  detected  is  accompanied  by  other  stray  infrared  (IR)  or  visible 
signals.  Studies^^'  ^  have  shown  SiC  to  be  suited  for  this  application,  and  p-n 
junctions  fabricated  resulted  in  very  low  leakage  devices  which  can  be  employed 
in  low  light  applications.  These  studies  also  showed  successful  operation  of 
these  devices  to  500°C,  exploiting  yet  another  utility  in  the  SiC  system. 

In  addition  to  the  previous  application,  two  other  roles  exist  for  SiC.  The  first 
such  application  is  as  a  candidate  for  a  piezoresistor.^s  Semiconductors  are 
currently  used  instead  of  conventional  metal  foils  due  to  their  higher  strain 
sensitivity  over  the  temperature  regime.  The  other  role  for  SiC  is  as  a  material 
for  non-volatile  random  access  memories  (NVRAM).  Due  to  the  wide  band  gap 
and  depth  of  impurity  levels,  trapped  charges  in  SiC  do  not  tend  to  possess 
sufficient  thermal  energy  to  recombine.  In  this  role,  the  device  would  be  placed 
into  an  on  or  off  charge  state,  and  could  be  left  for  significant  periods  of  time. 
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without  losing  the  charge.  Extrapolation  of  data  to  room  temperature  for  devices 
using  a  wet-oxide  show  that  the  storage  time  is  on  the  order  of  10’"^  s,  or  over 
3000  millennia.36 

One  of  the  more  useful  semiconducting  device  classes  in  the  SiC  system  is  the 
field  effect  transistors  (FET).  Two  very  attractive  properties  of  silicon  carbide 
currently  drive  the 

development  of  this  class 
of  devices:  SiC's  wide 
band  gap  and  its  ability  to 
operate  at  high 
temperatures.  In  1987,  a 
3C-SiC/Si  MOSFET  was 
operated  up  to 

temperatures  of  650°C.3® 

SiC  JFETs  present  a 
promising  technology, 
given  that  a  semi-insulating 
substrate  is  not  required 
for  their  development. 

Table  1.3  is  a  listing  of  the 
currently  studied  SiC 
FETs,  their  best 
performance  figures.^^ 

While  SiC  devices  have 
improved  within  the  last  10  years,  a  problem  still  persists.  As  the  frequencies  of 
the  FETs  approach  the  microwave  regime,  semi-insulating  substrates  are 


Table  1.3-Listinq  of  important  transistor  developments^^ 


Type  of 
device 

in  mS/mm 

at  room 

temperature 

Highest 
temperature  of 
operation  (C) 

Channel  m  at 
RT  in  cm2A^s 

Enhancement 

pSiC 

MOSFET 

0.46  for 

Lg=5  |lm 

650 

Low 

Enhancement 

a  SiC 

MOSFET 

2.8  for 

Lg=7  |Xm 

450 

46 

« 

Depletion 

PSiC 

MOSFET 

10  for 

Lg=2.4  |Xm 

750 

37 

Depletion 

a  SiC 

MOSFET 

2.3  for 

Lg=5  |Xm 

450 

21 

a  SiC 

MESFET 

4.3  for 

Lg=24  |Im 

450 

300 

pSiC 

MESFET 

30  for 

Lg=24  |im 

23 

? 

Depletion 

pSiCJFET 

20  for 

Lg=4  |Im 

23 

560 

Depletion 
a  SiC  JFET 

17-20  for 

Lg=4  pm 

627 

250 
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required  for  further  development  and  refining  of  devices The  semi-insulating 
wafers  are  necessary  to  isolate  adjacent  devices  to  reduce  cross  talk.  More 
importantly,  semi-insulating  substrates  are  employed  to  reduce  the  parasitic 
capacitance  inherent  in  devices  grown  on  insulating  material.  Without  carriers  at 
the  device  boundaries,  the  capacitance  in  this  region  is  negligible.  Therefore,  in 
addition  to  the  need  to  develop  larger  diameter  boules  to  reduce  costs,  a  focus 
on  the  production  of  highly  resistive  boules  is  also  necessary. 

1 .3  Growth  of  Large  Diameter,  High-Resistivity  Boules 

In  order  to  make  silicon  carbide  cost  effective,  it  is  essential  to  increase  the  size 
of  the  SiC  wafers.  The  steps  required  to  process  a  device  are  the  same  whether 
the  devices  are  on  a  small  or  a  large  substrate.  Therefore,  the  cost  of 
processing  a  particular  device  is  independent  of  the  wafer  size.  If  the  processing 
was  to  be  done  on  a  1 .5  cm^  Lely  platelet  and  a  2"  diameter  (20.3  cm^)  wafer, 
the  costs  would  be  approximately  the  same,  but  the  devices  fabricated  on  the 
smaller  wafer  would  cost  thirteen  times  more  than  those  on  the  larger  wafer. 
Additionally,  Lely  crystals  do  not  possess  regular  shapes,  limiting  the  useful  area 
even  further. 

From  the  1950's  until  1978  the  predominant  type  of  SiC  growth  was  called  the 
Lely  technique. 1  In  1978,  another  technique,  based  upon  the  Lely  technique, 
was  introduced  for  the  growth  of  boules  of  SiC.'^o  This  new  growth  was  termed 
the  modified-Lely,  or  physical  vapor  transport  (PVT)  method.  Differentiation 
between  these  aforementioned  techniques  in  future  references  will  be  made  by 
referring  to  the  older  technique  as  simply,  Lely,  and  the  newer  crystal  growth 
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technique,  modified- 
Lely  or  PVT.  The 
modified-Lely 
technique  has  gone 
through  a  scaling  up 
from  wafers  of  14  mm 
diameters  (18  mm 

lengths)4i  to  the  current 
published  maximum  of 
60  mm  (75  mm 

lengths)  .42  Even  with 
the  advent  of  this  new  technique,  the  original  Lely  is  not  without  utility. 

Examining  the  structural  properties  of  the  resultant  crystals,  the  Lely  crystals 
possess  a  near-perfect  structure  not  yet  attainable  in  its  modified  relative.  Plots 
of  a  Lely-  and  a  PVT-grown  SiC  wafers'  rocking  curves  are  shown  in  figure  1.3. 
The  full  width  at  half  maximum  (FWHM)  of  the  Lely  crystal  is  significantly 
narrower  than  that  of  the  PVT-grown  crystal.  An  additional  confirmation  of  the 
poorer  crystal  quality  of  the  PVT  grown  wafers  is  evident  when  the  wafers  are 
placed  in  between  polarized  films  which  are  oriented  90°  with  respect  to  each 
other.  One  useful  tool  for  qualitatively  establishing  the  crystallinity  of  a  wafer  is 
cross  polarization.  The  experiment  is  performed  by  placing  the  wafer  between 
two  polarizing  media  oriented  at  90°  to  one  another.  Figure  1.3  is  a  cross 
polarization  image  of  a  2"  diameter  SiC  wafer  grown  by  the  modified  Lely 
technique.  Clearly  evident  is  a  variation  of  shades  which  vary  across  the  wafer. 
Due  to  the  wafer's  presence,  the  light's  electric  field  is  distorted  sufficiently  so 
that  it  is  partly  allowed  to  pass  through  the  final  screen.  If  the  wafer  were 
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homogeneous,  the  light 
would  be  constant 
across  the  wafer.  Since 
it  is  not  homogeneous, 
the  light  is  altered 
differently  at  different 
points,  indicating  the 
presence  of  low-angle 
grain  boundaries  in  the 
sample.  In  similar 
studies  of  Lely-grown 
material,  no  such 
variation  is  present, 
indicating  a  material  of 
higher  crystalline  quality. 

While  the  crystal  quality  of  the  PVT  wafers  are  substantially  poorer  than  the  Lely, 
PVT  is  the  only  technique  allowing  for  the  production  scale-up  of  SiC. 

The  other  problem  connected  with  the  current  state  of  the  technology  regarding 
the  development  of  suitable  SiC  wafers  concerns  the  presence  of  large 
quantities  of  impurities.  Analytical  studies  performed  on  both  Lely'’^  and  PVT^s 
crystals  show  significant  (>1ppm)  concentrations  of:  N,  B,  Fe,  Na,  Mg,  Al,  S,  Cl, 
K,  Ca,  Ti,  V,  Cr,  Ni,  and  Zn.  The  elements  listed  in  bold  have  not  been  proven 
to  affect  the  electronic  properties  of  the  samples.  In  order  to  fabricate  many  of 
the  SiC-based  devices  discussed  in  a  previous  sub-section,  the  substrates  must 
be  semi-insulating.  There  are  two  means  of  accomplishing  this  goal:  growing 
purer  material  or  doping  with  an  impurity  which  produces  a  deep  level.  The  next 
chapter  will  discuss  the  PVT  growth  conditions  more  specifically,  but  its  operating 


Figure  1.3-cross  polarization  image  of  a  typical  PVT-grown 
crystal.  The  variation  in  shade  across  the  sample  results  from 
the  occurrence  of  low-angle  grain  boundaries. _ 
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environment  is  extremely  harsh.  The  PVT  growth  temperatures  range  up  to 
2300°C,  at  which  point  the  majority  of  elements  possess  appreciable  vapor 
pressures.  As  a  result  of  this  fact,  there  is  very  little  likelihood  of  purifying  the 
components  of  the  growth  environment  sufficiently  to  reduce  the  resultant 
impurity  transport  within  the  reactor.  This  leaves  the  possibility  of  incorporating  a 
deep  level  dopant  into  the  SiC  matrix  which  would  pin  the  Fermi  level  deep 
enough  to  rid  the  mobile  carrier  bands  of  charges.  The  only  element  which  has 
shown  such  a  tendency  is  vanadium.  A  photo-electron  spin  resonance(ESR) 
study^e  has  shown  that  it  produces  two  deep  levels,  one  of  which  (the  vanadium 
donor)  is  near  the  middle  of  the  silicon  carbide  band-gap. 

1.4  Growth  of  Highly  Resistive  Boules/Research  Objectives 

As  was  alluded  to  in  the  previous  section,  the  only  means  available  to  produce 
high-resistivity  boules  of  silicon  carbide  is  by  employing  a  deep  level  dopant. 
This  research  is  performed  to  characterize  the  development  of  such  a  boule. 
The  techniques  employed  were:  deep  level  transient  spectroscopy  (DLTS),  high 
temperature  Hall  effect,  optical  absorption  and  Fourier  transform  infrared 
spectroscopy  (FTIR).  These  tools  were  employed  to  determine  how  vanadium 
affects  the  optical  and  electronic  properties  of  SiC. 

The  vanadium  donor  level  was  confirmed  to  reside  at  the  mid-gap,  and  whole 
wafers  were  found  whose  Fermi  level  was  pinned  to  this  very  deep  donor  level. 
Additionally,  studies  were  made  of  the  other  levels  which  may  impede  the 
creation  of  these  high  resistivity  boules.  Two  additional  vanadium-related 
defects  were  discovered  which  produce  levels  within  the  SiC  band  gap:  an 
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isolated  vanadium  acceptor  and  a  vanadium  complex.  The  vanadium  acceptor 
level  was  found  to  reside  0.66  eV  beneath  the  conduction  band  edge.  Another 
level  attributed  to  a  vanadium  complex  was  discovered  0.78  eV  beneath  the 
conduction  band  edge.  Even  if  the  Fermi  level  were  pinned  to  either  of  these 
levels,  the  resultant  crystals  would  still  be  semi-insulating  at  room  temperature. 
However,  semi-insulating  material  at  higher  temperatures  (>600°C)  is  not 
attainable  in  the  SiC  system.  These  results  indicated  that  vanadium  possesses 
great  potential  as  a  deep  level  dopant  in  the  SiC  system. 
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2.  Experimental  Conditions 


The  purpose  of  this  chapter  is  to  convey  the  specific  experimental  procedures 
employed  throughout  the  thesis  as  well  as  a  cursory  introduction  to  the 
techniques  themselves.  The  experienced  reader  can  skip  the  latter  sections 
(2.2.  -  2.1,  3.1,  and  4.1  &  2.3.  - 1.1  and  2.1).  All  of  the  other  sections  contain 
pertinent  information  regarding  the  experiments. 

The  research  can  be  broken  down  into  two  types  of  techniques:  electrical  and 
optical.  Before  discussion  can  be  conducted,  an  analysis  of  the  samples'  growth 
is  necessary. 

2.1  Physical  Vapor  Transport-Grown  Silicon  Carbide 

All  of  the  samples  examined  as  a  part  of  this  study  were  grown  in  a  physical 
vapor  transport  reactor.  Such  a  reactor  is  shown  in  figure  2.1.  The  furnace  is 
comprised  of  graphite  elements  which  are  replaced  after  each  growth  run.  The 
reactor  is  heated  by  a  water-cooled  RF  coil  source  to  provide  the  >2100°C 
temperatures  required  to  transport  the  SiC.  The  silicon  carbide  charge  material 
is  placed  into  the  reactor.  A  seed  crystal  is  then  mounted  onto  a  graphite 
susceptor  in  the  center  of  the  furnace.  The  reactor  is  closed  and  pumped  down 
to  vacuum  and  flushed  with  argon.  Once  this  is  completed,  the  reactor  is  heated 
to  a  high  temperature  for  the  growth.  A  temperature  gradient  of  about  100°C  is 
applied  from  the  charge  material  to  the  seed  crystal.  This  gradient  is  used  to 
transport  the  material  to  create  the  SiC  boules.  Typical  growth  rates  are  from  0.5 
to  1  mm  per  hour.^s 
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There  is  a  tendency  for 
the  boules  to  contain 
large  amounts  of 
impurities.45  Such  a 
problem  stems  from 
three  facts:  the  high 
temperature  used  in 
growth,  the  graphite 
furnace  elements,  and 
impure  charge  material. 

The  most  critical  factor 
is  the  high  temperature. 

If  not  for  the  high 
temperatures,  the  other 
factors  would  not  be  as  critical.  At  these  temperatures,  virtually  all  elements 
possess  an  appreciable  vapor  pressure.  The  impurities  from  the  graphite 
elements  and  silicon  carbide  charge  material  cause  the  degradation  of  the 
material's  purity. 

2.2  Electrical  Measurements 

The  purpose  of  this  section  is  to  discuss  the  electrical  techniques  used,  as  well 
as  the  means  by  which  samples  are  prepared  for  the  experiments.  Following  the 
discussion  of  the  contact  fabrication,  the  different  techniques  will  be  examined. 
During  the  course  of  this  research,  Hall  effect  (room  temperature,  low 
temperature-from  20  to  400K,  and  high  temperature-from  295  to  1000K),  deep 
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level  transient  spectroscopy  (DLTS),  and  thermally  stimulated  current 
measurements  were  employed. 

2.2.1  Contact  Formation 

For  electrical  measurements,  two  types  of  contacts  are  required:  Schottky  and 
ohmic.  Hall  effect  and  TSC  measurements  require  ohmic  contacts,  while  DLTS 
measurements  use  both  ohmic  contacts  and  Schottky  barriers.  In  all  cases,  the 
sample  surfaces  were  prepared  with  lapping  and  subsequent  polishing  with 
progressively  finer  diamond  paste.  Then,  the  samples  are  subjected  to  a  3  hour, 
1150°C  oxidizing  anneal  followed  by  an  oxide  etch  in  50:50  H20:HF.  These 
steps  were  employed  to  remove  the  native  oxide  as  well  as  any  residual  surface 
damage  from  the  cutting  of  the  boules  into  wafers.  All  of  the  wafers  used  in  the 
electrical  measurements  were  sliced  into  0.5  cm  x  0.5  cm  x  0.5  mm  samples. 

2.2.1 .1  Schottky  Barriers 

The  purpose  of  the  Schottky  barrier  is  to  create  a  depletion  layer  in  the  crystal  so 
that  the  occupancy  of  the  traps  within  the  layer  can  be  modified  by  the 
application  of  electrical  pulses.  For  these  experiments,  ail  of  the  DLTS 
measurements  were  carried  out  on  n-type  material.  Therefore,  the  element 
selected  for  the  Schottky  barriers  was  the  same  as  was  used  for  ohmic  contacts 
in  the  p-type  samples,  aluminum.  For  our  samples,  the  aluminum  provided  a 
good  barrier  for  the  creation  of  a  depletion  region.  The  aluminum  was  applied  by 
a  magnetron  sputtering  system  operating  at  a  360V  bias  while  the  samples  were 
kept  at  room  temperature.  The  plasma  was  created  in  a  5  miiliTorr  argon 
environment. 
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2.2. 1.2  Ohmic  Contacts 


Four  types  of  ohmic  contacts  were  required  for  the  range  of  samples  examined 
as  a  part  of  this  study.  These  types  can  be  broken  down  by  the 
sample/technique  including  contacts  for:  DLTS,  n-type  Hall,  high-resistivity 
Hall/TSC,  and  p-type  Hall. 

For  the  DLTS  samples,  a  circular  Ti  contact,  3  mm  in  diameter,  was  sputtered 
onto  the  carbon  face  of  each  sample.  This  procedure  was  used  to  form  a  broad 
area  ohmic  contact,  and  annealing  was  not  employed  because  high  quality 
ohmic  contacts  were  not  required  for  DLTS  measurements.  2000  to  3000A  of 
titanium  was  applied  in  the  same  fashion  as  the  aluminum. 

On  the  n-type  samples  used  in  the  Hall  effect  studies,  either  nickel  or  titanium 
was  employed.  Titanium  was  sputtered  onto  the  samples,  whereas  nickel  was 
applied  using  an  electron-beam  evaporation  system.  The  thicknesses  of  the 
deposited  films  were  between  3000  and  4000A.  Annealing  was  performed  in  a 
90:10::N2:H2  forming  gas  environment  at  900°C  for  10  minutes.  The  metal  was 
applied  at  the  four  corners  of  each  sample  required  by  the  van  der  Pauw 
experiment.  Prior  to  the  contact  deposition,  the  samples  were  wrapped  in 
aluminum  foil  to  mask  off  the  corner  regions.  However,  in  some  samples,  the 
entire  face  was  covered  with  the  metal  film,  and  black  wax  was  applied  to  the 
corners.  In  this  latter  case,  the  unwanted  metal  was  then  removed  via  a  generic 
metal  etchant,  either  HCI:H202  or  H2SO4:H20. 

The  first  two  types  of  contacts  were  relatively  easy  to  fabricate,  while  the  latter 
two  types  of  contacts  proved  to  be  more  difficult.  For  p-type  samples,  aluminum 
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was  applied  via  an  eiectron  beam  evaporation  system  to  a  thickness  of  4000A. 
Aluminum  was  the  natural  selection  because  it  is  the  shallowest  p-type  dopant  in 
the  SiC  system.  However,  when  anneaiing  (700°C  for  10  minutes)  was 
performed,  the  contacts  were  invariably  non-ohmic.  The  annealing  process  was 
altered  with  successive,  shorter  annealing  steps.  In  between  these  steps,  indium 
solder  was  applied  to  the  sample  and  l-V  measurements  were  performed  to 
gauge  the  contact  quality.  Foliowing  this  step  and  successive  anneal,  the 
contacts  were  often  ohmic.  The  indium  soider  was  found  to  be  a  crucial  step  in 
creating  the  desired  contacts.  Although  the  mechanism  behind  this  was  not 
examined,  most  likely,  the  indium  diffused  into  the  sample  creating  the 
necessary  p-type  character  beneath  the  contact. 

The  most  difficult  contacts  to  fabricate  reproducibly  were  those  applied  to  the 
high-resistivity  samples.  Initially,  the  contacts  were  created  using  electron-beam- 
evaporated  titanium  (SOOOA  thick)  followed  by  a  10  minute  900°C  anneal.  For 
samples  prepared  within  the  past  year,  SOOOA  thick  tantalum  contacts  were 
sputtered  onto  the  samples.  Rapid  thermal  annealing  using  an  infrared  heat 
source  in  an  argon  atmosphere  was  performed  at  550°C  for  60s.  This  latter 
schedule  has  created  the  majority  of  ohmic  contacts  to  high-resistivity  samples. 

2.2.2  Hall  Effect 

Hall  effect  was  a  crucial  element  of  this  study.  Other  measurements  can 
determine  the  ionization  energy  of  both  shallow  and  deep  level  defects. 
However,  this  is  the  only  tool  which  would  establish  whether  or  not  a  certain 
growth  environment  resulted  in  the  pinning  of  the  Fermi  level  to  a  given  deep 
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level.  This  determination  is  essential  when  attempting  to  study  deep  levels,  and 
examine  their  effect  in  creating  high-resistivity  material. 

2.2.2.1  Principles  and  Theory  of  the  Hall  Effect  Measurement 

Shown  in  figure  2.2  is  a 
schematic  of  the  basic 
Hall  effect  experiment. 

In  this  experiment,  a 
current  and  a  magnetic 
field  are  applied  in 
mutually  perpendicular 
directions.  As  a  result 
of  these  applied  fields, 
the  Lorentz  force 
(e(vxB),  where  v  is  the  velocity  of  electrons  and  B  is  the  magnetic  field)  is  felt  by 
the  charge  carriers  in  the  third  coordinate  direction.  A  voltage  (V^,)  called  the  Hall 
voltage  is  developed  to  maintain  the  sample  equilibrium.  The  direction  of  the 
voltage  is  determined  by  the  type  of  majority  carriers  in  the  sample.  If  electrons 
are  the  majority  carrier,  they  will  initially  be  traveling  in  the  opposite  direction  of 
the  sign  of  the  current  (i.e.  opposite  the  direction  indicated  by  the  arrow  under 
the  i  in  figure  2.2).  Coupled  with  a  magnetic  field  coming  out  of  the  figure,  the 
force  felt  by  the  electrons  will  deflect  them  towards  the  top  of  the  page.  Similarly, 
if  holes  are  the  majority  carriers,  they  will  initially  move  in  the  direction  of  the 
current;  and,  with  the  same  magnetic  field,  will  deflect  in  the  same  direction  as 
the  electrons  because  the  sign  of  the  charge  is  opposite  to  that  of  the  electron. 
Therefore,  since  the  sign  is  opposite  and  the  deflection  the  same,  the  voltage  will 
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Figure  2.2-Schematic  of  a  generic  Hall  effect  experiment 
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be  opposite.  From  this  simple  measurement,  the  type  of  carriers  can  be 
ascertained.  Moreover,  the  concentration  of  carriers  in  the  sample  is  determined 
based  upon  the  magnitude  of  the  Hall  effect  voltage  according  to  the  following 
relationship:^^ 

<5H=RHJB=JB/Nge  (2.1) 

where  5^  is  the  electric  field  established  by  the  Hall  effect,  is  the  Hall 
coefficient,  J  is  the  initial  current  density,  B  is  the  magnetic  flux  density,  e  is  the 
electron  charge,  and  is  the  concentration  of  carriers.  With  this  information 
regarding  the  concentration  of  carriers,  their  mobility  can  then  be  calculated  from 
the  following  relationship:^^ 


a=pJN^e)  (2.2) 

where  a  is  the  conductivity  of  the  sample,  and  is  the  desired  mobility.  At  a 
given  temperature,  mobility  and  carrier  concentration  are  all  that  can  be 
calculated.  Such  information  yields  a  qualitative  estimate  about  the  quality  and 
purity  of  the  crystal.  The  full  utility  of  the  Hall  effect  is  realized  through  the 
incorporation  of  one  other  component,  temperature.  By  varying  the  temperature, 
the  activation  energy  of  the  defect  responsible  for  the  charge  carriers  can  often 
be  determined.  Many  equations  have  been  derived  (from  the  charge  balance 
equation,  n  +  N“  =  p  +  Nd)  to  extract  these  important  parameters,  however,  a 

simple  Ahhrenius  relationship  is  most  illustrative  at  this  juncture:48 

n=N,exp(E,-E/kT)  (2.3) 
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where  n  is  the  concentration  of  electrons,  N^,  is  the  conduction  band  density  of 
states,  Ej,  is  the  energy  of  the  conduction  band  edge,  E,  is  the  Fermi  energy,  and 
T  is  the  temperature.  This  equation  is  also  used  for  holes  by  replacing  n,  and 
E^-E,  with  p,  Ny,  and  Ej-E^.  The  equation  is  vaiid  provided  that  only  a  small 
fraction  (<1%)  of  centers  are  ionized  and  that  the  semiconductor  is 
nondegenerate  (Ej;-3kT<E,<Ey+3kT).  Other  useful  relationships  will  be 
introduced  later  in  the  text,  where  appropriate.  An  examination  of  this  equation 
illustrates  that  if  one  plotted  the  natural  logarithm  of  the  carrier  concentration 
divided  by  versus  the  inverse  of  temperature,  a  determination  of  the  position 
of  the  Fermi  level  is  made  by  calculating  the  slope  of  the  line.  Some  nuances 
exist,  but  under  most  conditions,  this  procedure  will  indicate  the  depth  of  the 
principal  impurity  in  a  given  sample.  Not  only  can  the  depth  of  the  level  be 
determined,  but  also  the  total  concentrations  of  the  principal  defect  and 
compensating  impurities.  However,  these  two  concentrations  require  that  a 
significant  fraction  of  the  impurities  be  ionized  (i.e.  the  previous  equation  will  be 
invalid,  and  the  other  more  complex  equations  need  to  be  used).  In  most 
semiconducting  systems,  only  low-temperature  (to  400K)  Hall  effect  is  required 
to  determine  these  parameters,  because  the  ionization  energies  of  most  defects 
are  close  to  the  band  edges.  For  example,  the  number  of  impurities  shown  to 
introduce  electronic  levels  within  100  meV  of  the  band  edges  in  silicon, 
germanium,  and  gallium  arsenide  are:  eight,  twenty,  and  seventeen, 
respectively .49  However,  in  silicon  carbide,  only  one  impurity  (nitrogen  at  85  meV 
in  6H)5o.  51  has  been  positively  identified  as  introducing  an  electronic  level  within 
100  meV  of  the  band  edge.  Even  for  a  relatively  shallow  (only  nitrogen  and 
aluminum  are  shallower)  dopant  such  as  boron,  a  minimum  of  300°C  is  required 
to  produce  levels  of  ionization  necessary  to  determine  these  parameters.  High 
temperature  Hall  is  also  required,  because  the  electronics  of  the  Hall  effect 
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experiment  are  not  sensitive  enough  to  determine  the  conductivity  of  the  high- 
resistivity  (~10''®Q  cm  @  RT)  samples  at  room  temperature. 

The  samples  used  in  this  study  were  square  and  sized  from  approximately  0.5  to 
1 .0  cm  on  a  side.  The  contact  configuration  employed  was  devised  by  van  der 
Pauw  in  1958.52. 53  |n  this  method,  four  contacts  (M,  N,  O,  P)  are  applied  to  the 
periphery  of  a  sample.  Current  is  passed  through  two  contacts(MN),  the  voltage 
is  measured  through  the  other  two  contacts(PO),  and  these  two  quantities  are 
input  into  the  following  equation: 


R 


MN,OP  “ 


Vp-Vp 

■mn 


(2.4) 


where  Vp-VQ  is  the  voltage  drop  across  the  points  P  and  O,  i^^^  is  the  input 
current  (between  M  and  N),  and  R^^^.op  calculated  resistance  term.  With 
the  knowledge  of  the  term  R^,^  Qp,  its  converse  Rqp^mn’  thickness  of  the 

sample,  d,  the  resistance  of  the  sample,  p,  is  calculated  through  the  following 
relationship: 


r  7cd„  ^ 

r  7cd_  ^ 

exp 

T'^MN.OP 

1  P  ) 

+  exp 

^  p  y 

(2.5) 


where  the  only  unknown  is  the  resistivity,  p.  The  calculation  of  the  resistivity  can 
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be  reduced  further: 


P  = 


RmN.OP  +  ^NOfM  I 

In2  2 


(2.6) 


where  R^m.op  *^no,pm  parameters  which  need  to  be  measured,  and  f 

is  calculated  according  to  the  following  formula: 


cosh 


(^MN,OP /I^NO,PM  ) ~  In 2 


[  (f^MN.OP  /RnO,PM  )  +  1 


1  In2 
=  — exp — 

2  ^  f 


(2.7) 


While  these  measurements  and  calculations  would  be  sufficient  on  their  own, 
their  converses,  Rp^  ^'^d  Rqp.mn’  always  measured  to  provide  a  check 
for  any  anomalies  in  the  system.  At  this  point,  the  Hall  coefficient,  R^,  can  be 
calculated: 


MO,NP 


’NPJWO  , 


(2.7) 


which  is  then  substituted  into  equation  2.1  to  determine  the  concentration  of 
carriers. 

2.2.2.2  Equipment  and  Operation  of  the  Hall  Effect  Systems 

This  section  will  focus  on  the  two  types  of  Hall  effect  systems  employed 
throughout  the  study.  The  first  type,  low  temperature,  was  used  to  study  shallow 
defects  in  the  silicon  carbide  system,  including:  nitrogen,  aluminum,  and  boron. 
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The  second  type,  high  temperature,  was  used  in  the  study  of  all  other  defects, 
including  the  vanadium  acceptor  and  donor  levels.  High  temperature  Hall  effect 
was  also  used  to  improve  the  understanding  of  the  boron  impurities.  Schematics 
of  both  types  of  systems  are  shown  in  figure  2.3. 


The  following  Keithly  equipment  was  used  in  each  system:  a  705  scanner,  a  619 
multimeter,  and  a  220  current  source.  These  programmable  instruments  were 
interfaced  with  486  computer  systems  via  IEEE  488  cards.  The  220  supplies  the 
current,  the  voltage  was  measured  by  the  619,  and  the  705  scanner  was  used  to 
switch  between  the 
various 
configurations 
required  by  the  van 
der  Pauw 

technique.  The 
current  was  directed 
from  the  electronics 
to  the  sample  by  a 
triaxial  cable 

running  into  the 
sample  chamber,  then  by  a  coaxial  cable  to  the  sample.  In  order  to  obtain  the 
high  impedance  necessitated  by  the  high  resistivity  samples,  a  unity  gain 
amplifier  was  employed  in  the  circuit.  Using  this  amplifier,  the  inner  shield  of  the 
triaxial  cable  and  the  outer  shield  of  the  coaxial  cable  were  maintained  at  a 
voltage  identical  to  that  of  the  core  conductor.  Through  this,  the  voltage  losses 
were  minimized  which  allowed  for  reliable  current  measurements  as  low  as  100 
pico-Amperes. 
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For  the  low  temperature  Hall  effect,  the  computer  controlled  every  aspect  of  the 
experiment.  It  allowed  for  setting  the  magnetic  field,  temperature,  and 
automatically  adjusted  the  input  current  to  obtain  the  most  appropriate  voltage 
for  the  measurement.  The  temperatures  used  ranged  from  20  to  400K.  The 
temperature  was  measured  using  a  Pt  thermometer  mounted  inside  the  sample 
block.  This  range  allowed  for  a  significant  ionization  of  nitrogen-doped  samples, 
as  well  as  a  determination  of  the  activation  energy  of  samples  doped  with 
aluminum  and  boron. 

For  the  high  temperature  Hall  effect  experiments,  the  magnetic  field  was  set 
manually,  and  the  computer  took  the  readings  necessary  for  the  experiment. 
The  temperature  was  measured  with  a  type  K  thermocouple,  and  the  samples 
were  heated  with  Ni-Cr  heater  wire  connected  to  a  manually-operated  DC  power 
supply.  The  measurements  were  taken  when  the  temperature  stopped 
increasing.  The  current  settings  were  performed  manually  to  obtain  voltage 
readings  between  100  and  500  mV.  The  maximum  temperatures  in  this  study 
were  800°C.  This  allowed  for  a  significant  ionization  of  the  boron  levels,  but  was 
not  sufficient  to  appreciably  ionize  the  deepest  defects. 

2.2.3  Deep  Level  Transient  Spectroscopy  (DLTS) 

While  Hall  effect  is  very  useful  in  determining  the  depth  of  a  given  level,  under 
normal  conditions  it  can  only  be  used  to  observe  a  single  level  in  a  given  sample. 
For  this  reason,  other  tools,  such  as  DLTS,  are  necessary  to  analyze  other  levels 
in  semiconductors.  These  are  mutually  exclusive  techniques,  but  can  be  used 
on  different  samples  to  further  confirm  the  existence  of  a  certain  level.  DLTS 
can  also  yield  additional  information  about  a  defect  not  available  through  Hall 
effect  measurements. 
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2.2.3.1  Principles  and  Theory  of  DLTS 


In  order  to  perform  DLTS,  a  sample  containing  a  depletion  region  is  required. 
Such  a  sample  can  be  created  by  reverse  biasing  one  of  two  types  of  diodes:  a 
p-n  junction  or  a  Schottky  barrier.  Due  to  the  ease  of  creation  and  interpretation 
of  resultant  data,  Schottky  barriers  were  used  in  this  study. 

Before  examining  the  DLTS  experiment,  a  discussion  of  the  capacitance 
measurement  is  in  order.  C-V  profiling  is  usually  performed  before  DLTS  to 
determine  the  net  carrier  concentration  as  a  function  of  the  depth  in  the  material. 
By  applying  a  small,  high  frequency  voltage  to  the  sample,  and  measuring  its 
respective  phase  shift  after  passing  through  the  sample,  the  capacitance,  Cg,  of 
the  sample  can  be  determined.  The  sample  capacitance  can  then  be  used  to 
determine  the  width  of  the  depletion  region:^^ 


^  Mg^  (2.8) 

Xd 

where  Sp  and  Eq  are  the  relative  permittivity  of  the  material  and  the  free  space 
permittivity,  A  is  the  junction  area,  and  is  the  thickness  of  the  depletion  region. 
Simultaneous  to  the  determination  of  the  depth  of  the  depletion  region,  the 
concentration  of  majority  carrier  centers  is  ascertained  by  analyzing  the  variation 
of  the  sample  capacitance  as  a  function  of  applied  voltage(V^):54 


Nd(Xd) = 


-C' 


qepeoA" 


(2.9) 
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where  Njj(Xjj)  is  the  concentration  of  donors  at  a  distance  from  the 
semiconductor-metal  interface.  With  the  information  pertaining  to  the 
concentration  of  charge  centers  as  a  function  of  depth  as  well  as  reverse  bias, 
the  DLTS  experiment  is  performed  at  a  given  reverse  bias. 

The  process  of  DLTS  involves  creating  the  depletion  region,  injecting  carriers 
into  the  region,  filling  electron  or  hole  traps  in  the  depleted  region,  and 
measuring  the  way  those  trapped  carriers  are  ejected  back  into  the  sample. 

Shown  in  figure  2.4  (Ref.  55)  is  a 
schematic  of  this  process.  The  centra! 
part  of  the  figure  shows  a  typical 
capacitance  variation  as  a  function  of 
time  for  a  Schottky  barrier  diode.  The 
insets  a-c  are  used  to  show  a 
schematic  of  the  crystal  at  the  different 
times  along  the  capacitance  transient. 

Shown  in  figure  2.4a  is  the  equilibrium 
state  of  the  crystal  with  all  of  the  traps 
in  the  depletion  region  empty.  Then 
the  traps  are  filled  with  the  forward 
bias  pulse  (figure  2.4b).  At  this  point, 
the  traps  begin  to  empty  as  is  shown 
in  figure  2.4c.  The  rate  at  which  the 
electrons  leave  the  trap  is  determined  by  the  sample  temperature.  The  trap 
emission  procedure  is  the  central  part  of  DLTS,  and  will  be  discussed  further. 
This  figure  is  only  applicable  to  DLTS  measurements  performed  on  Schottky 
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Figure  2.4-Capacitance  pulse  from  a  DLTS 
measurement  with  corresponding  schematics 
for:  a)quiescent  capacitance,  b)  fully  charged 
capacitance,  and  c)  trap  depopulation.^^ _ 
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barriers.  If  the  diode  were  a  p-n  junction,  both  holes  and  electrons  must  be 
considered.  On  the  left-hand  sides  of  the  insets  in  figures  2.4a-c  holes  should 
be  introduced,  which  would  contribute  to  the  DLTS  signal.  The  change  in  the 
capacitance  would  then  be  related  to  the  ejection  of  holes  from  minority  carrier 
traps  in  addition  to  the  signal  from  electrons  ejected  from  majority  carrier  traps. 
Although  the  signals  can  be  separated,  the  interpretation  is  more  facile  in  the 
case  of  the  Schottky  barrier. 

As  was  alluded  to  earlier,  the  crux  of  the  DLTS  measurement  relies  on  the  study 
of  the  mechanism  by  which  carriers  are  ejected  into  their  respective  bands  to 
reestablish  the  equilibrium  after  the  voltage  pulse.  The  decay  of  the  capacitance 
is  represented  by  the  following  equation: 

AC(t)  =  AC(t  =  0)  exp(-ent)  (2.10) 

where  e^  is  the  emission  rate,  and  AC(t)  is  the  change  in  capacitance  (from  the 
quiescent,  i.e.  AC(t=0)=C(t=0)-C(t=oo))  at  a  given  time  t.  The  emission  rate  is 
dependent  upon  the  temperature  at  which  the  sample  is  held: 


f"E  -E  ^ 
en  =  cyNcV^exp[-^j^ 


(2.11) 


where  a  is  the  capture  cross  section,  N^,  is  the  conduction  band  density  of  states, 
Vjj,  is  the  thermal  velocity  of  electrons,  is  the  depth  of  the  level  from  the 
conduction  band  (in  the  case  of  electrons),  k  is  the  Boltzmann  constant,  and  T  is 
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the  temperature.  All  that  must  be  determined  is  the  emission  rate  as  a  function 
of  temperature. 

Shown  in  figure  2.5  is  a  representation  of  how  the  capacitance  transient  changes 
as  a  function  of  temperature.  If  one  were  to  model  the  shape  of  the  exponential 
decay  of  the  transient  (figure  2.4),  all  of  the  information  about  the  deep  level 
could  be  ascertained  in  a  single 
sweep  of  temperature.  However, 
the  more  common  method  is  to 
examine  the  transient  at  two 
times,  t^  and  tg  in  the  figure,  and 
then  sweeping  temperature 
several  times  with  a  different  t^ 
and  tg.  Shown  in  figure  2.5b  is 
the  difference  in  the  capacitance 
plotted  as  a  function  of 
temperature.  This  difference  in 
capacitance  leads  to  the  DLTS 
peak.  The  temperature  input  into 
equation  2.1 1  is  the  temperature  at  which  the  DLTS  peak  is  a  maximum,  T^.  In 
order  to  determine  the  corresponding  emission  rate,  the  times  t^  and  tg  are 
analyzed.  When  the  time  constant  of  the  transient  decay  (ej’^  is  equal  to 
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the  DLTS  maximum  occurs,  found  in  the  analysis  of  t^  and  tg  where: 


The  emission  rate  and  the  temperature  are  then  plotted  in  an  Ahhrenius  fashion, 
and  the  activation  energy  of  the  trap  is  then  determined  (eq.  2.11).  The  plot  is 
extrapolated  to  infinite  temperature,  and  the  other  trap  descriptor,  the  capture 
cross  section,  is  ascertained. 

2.2.3.2  Equipment  and  Operation  of  DLTS 

The  DLTS  apparatus  employed  in  this  study  consisted  of  a  Polaron  4600  unit 
coupled  with  a  Boonton  capacitance  bridge  operated  in  the  boxcar  configuration. 
This  apparatus  was  connected  to  a  Hewlett-Packard  9836  PC  via  a  HPIB  port. 
The  Polaron  S4900  cryo  control  unit  temperature  stage  was  capable  of 
temperatures  from  80  to  450K  through  the  use  of  liquid  nitrogen  and  resistive 
heating  elements.  In  this  temperature  range,  deep  levels  up  to  0.8  eV 
(depending  upon  the  capture  cross  section  of  the  defect)  were  examined. 

The  typical  reverse  bias  and  filling  pulse  were  -6  and  +1  V,  respectively.  The 
setup  called  for  the  specification  of  the  rate  window  as  opposed  to  the  individual 
times,  t^  and  tg.  The  common  rate  windows  employed  were  between  1 000  and 
20  Hz. 
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2.2.4  Thermally  Stimulated  Current  (TSC)  Measurements 

Although  TSC  was  employed  in  only  one  aspect  of  the  study,  its  role  was 
essential  for  the  confirmation  of  a  hypothesis  regarding  the  vanadium  donor 
level.  The  samples  that  were  examined  for  this  measurement  come  from  the 
high-temperature  Hall  effect  study.  The  contacts  used  were  ohmic,  and  the 
samples  needed  to  be  high-resistivity  for  reasons  that  will  soon  become 
apparent. 

2.2.4. 1  Principle  of  TSC  Measurement 

Where  DLTS  is  used  to  analyze  deep  traps  in  conducting  material,  TSC  is  used 
to  characterize  the  traps  in  high-resistivity  material.  The  principle  behind  the 
measurement  setup  is  to  cool  the  high-resistivity  sample,  and  then  create  a  non¬ 
equilibrium  configuration  of  carriers  through  the  use  of  a  external  excitation 
source.  At  this  point,  the  sample  is  heated  at  a  constant  rate,  and  a 
measurement  is  made  of  the  current  induced  by  the  carriers  on  their  return  to  the 
equilibrium  configuration. 

While  this  explanation  may  suffice  for  a  general  description  of  the  process,  a 
more  detailed  analysis  is  in  order  which  can  be  found  in  various  sources.5®-58 


32 


The  net  carrier  equation  which  is  examined  as  a  part  of  the  TSC  analysis  is  as 
follows: 


dt 


^  =  -n, 


v9ii  y 


|N,aiVthexp[^-||: 


+  n(Ni  -n|)a|V 


th 


(2.13) 


and 


dn _ n _ dn, 

dt  “  tn”i  dt 


(2.14) 


where  nj  is  the  concentration  of  electrons  trapped  by  the  ith  trap,  n  is  the 
concentration  of  free  electrons,  (°cT^  ®)  is  the  conduction  band  density  of 
states,  (“cT^)  is  the  steady  state  lifetime  of  electrons  in  the  conduction  band,  a, 
(ocT®)  is  the  electron  capture  cross  section  of  the  ith  trap,  (ocT°®)  is  the 
thermal  velocity  of  conduction  band  electrons,  Nj  is  the  concentration  of  the  ith 
trap,  Ej  is  the  activation  energy  of  the  ith  trap  relative  to  the  conduction  band 
minimum,  \i^  (ocTY)  is  the  electron  mobility,  and  ggp  and  gj,  are  the  degeneracy 
factors  of  the  ith  traps  when  they  are  filled  and  empty,  respectively.  The  Greek 
letters  (a,  X,  and  y)  in  the  parenthetical  expressions  represent  the  temperature 
dependence  of  the  expressions  for  capture  cross-section,  lifetime,  and  mobility, 
respectively.  Additionally,  the  conductivity  of  the  sample  {oj  is  related  to  the 
concentration  of  free  electrons,  n,  by  equation  2.2. 

Typically,  these  differential  equations,  2.13  and  2.14,  are  solved  subject  to  an 
assumption  about  the  retrapping  rate  versus  the  recombination  rate  of  the  free 
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carriers.  With  either  case,  the  general  form  of  the  solution  is  similar  to  the 
following  equation: 


(2.15) 


where  is  the  temperature  of  the  maxima  of  the  Gaussian  peak,  p  is  the 
heating  rate,  Ej  is  the  activation  energy  of  the  center,  k  is  the  Boltzmann 


constant,  and  C  is  a 
constant  comprised  of 
several  factors  which 
have  at  most  a  weak 
dependence  on 

temperature.  For  the 
purposes  of  this  study, 
only  the  activation 
energy  of  the  defect 


was  required.  Therefore,  the  distillation  of  the  constant  was  not  required. 


2.2.4.2  Operation  of  the  TSC  Measurement 


Shown  in  figure  2.6  is  the  experimental  apparatus  employed  in  this  study.  The 
samples  were  mounted  in  the  same  Polaron  S4900  cryo  control  unit  that  was  the 
center  of  the  DLTS  investigation.  The  heating  rate  was  controlled  in  the  local 
mode  setting  of  the  DLTS  interface.  The  sample  leads  were  then  connected 
from  the  cryo  to  the  HP  4145A  semiconductor  parameter  analyzer.  The  samples 
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were  cooled  to  the  starting  temperature  of  100K,  and  a  flashlight  was  used  to 
excite  the  carriers  into  non-equilibrium  configurations.  The  4145A  was 
configured  to  bias  two  ohmic  contacts  with  2V.  All  external  light  sources  were 
then  removed  from  the  sample,  and  the  constant  heating  ramp  was  begun. 

The  heating  rate  was  controlled  by  the  temperature  control  interface.  While  it 
was  not  perfectly  constant,  the  period  of  the  variation  was  significantly  less  than 
the  period  of  excitation  of  electrons  to  or  from  the  electronic  defects.  For 
example,  the  FWHM  of  the  narrowest  TSC  peaks  was  83K,  while  the  heating 
rate  fluctuated  within  1-2K. 

The  current  was  measured  as  a  function  of  time.  With  knowledge  of  the  heating 
rate,  the  time  axis  of  the  current-time  plot  was  correlated  to  the  sample 
temperature.  The  maximum  variability  in  the  heating  rate  was  from  0.01  to 
0.99K/S.  The  typical  conditions  ranged  between  0.1  and  0.5K/s. 

2.3  Absorption  Measurements 

The  absorption  measurements  can  be  grouped  into  two  types:  diffraction  grated 
optical  and  Fourier  transform.  The  optical  absorption  measurements  are 
intuitively  simple.  The  Fourier  transform  studies  yield  much  the  same 
information  as  opticai  absorption,  however,  the  explanation  of  its  operation  is 
more  complicated. 
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2.3.1  Fourier  Transform  Infrared  (FTIR)  Spectroscopy 

Fourier  transform  infrared  spectroscopy  is  a  powerful  tool  for  characterizing 
vibrational  modes  as  well  as  electronic  transitions  resulting  from  the 
incorporation  of  impurities.  In  this  study,  FTIR  was  used  for  both  types  of 
characterization.  Since  it  can  be  used  in  the  range  from  10  to  55000  cm'\  the 
utility  of  this  experiment  is  apparent.  Additionally,  the  resolution  available  is 
higher  than  that  for  optical  absorption. 

2.3.1. 1  Principles  of  FTIR 

The  source  for  FTIR  measurements  is  always  white  light.  White  light  can 
alternatively  be  viewed  as  a  series  of  point  sources  represented  by  a  delta 
function  at  the  frequencies  which  comprise  the  white  light.  The  Fourier 
transforms  of  the  delta  functions  are  sine  waves  whose  frequency  is  that  of  the 
delta  function.  The  convolution  of  the  sine  waves  is  the  raw  spectrum  observed 
in  the  FTIR  experiment. 
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Shown  in  figure  2.7  is  a 
sequence  of  graphics 
which  illustrates  this 
explanation.  A  series  of 
ten  equally  spaced  point 
sources  are  shown 
starting  at  a  frequency 
of  1  (arb.  unit)  and 
extending  to  2.8  with  an 
inter-source  spacing  of 
0.2(figure  2.7a).  A 
sample  of  three 
(highlighted  by  asterisks 
in  figure  2.7a)  Fourier 
transformed  waveforms 
are  shown  in  figure  2.7b. 

The  final  convoluted 
waveform  is  shown  in  figure  2.7c.  If  an  inverse  Fourier  transform  were 
performed  on  this  function  shown  in  figure  2.7c,  the  resultant  graphic  would  be 
ten  delta  functions.  If  any  of  the  initial  points  of  light  were  absorbed,  this  would 
be  evidenced  in  the  resultant  convoluted  spectrum.  Then,  the  final  inverse 
Fourier  transform  would  evince  this  difference  as  an  absorption  band  in  the 
absorption  spectrum.  The  only  question  remaining  is  how  the  spectrum  shown  in 
figure  2.7c  is  generated  experimentally. 


*  *  * 


Frequency  (a.u.) 


Figure2.7-a)  White  light  broken  into  point  sources,  b)  Fourier 
transforms  of  three  of  the  individual  sources,  and  c)convolution 
of  the  FT  of  all  point  sources. _ 


37 


Figure  2.8  is  a  typical  schematic 
for  a  FTIR  experimental  setup, 
more  commonly  known  as  the 
Michelson  interferometer.ss  This 
is  the  arrangement  that  is 
employed  in  the  Bomem  FTIR. 

The  rays  shown  in  the  schematic 
represent  the  path  of  the 
traveling  light.  The  equation  of 
the  electromagnetic  wave  at  this 
point  is:  EQCOs(27tVQt-(|)),  where  Eq 
is  the  amplitude  of  the  light,  Vq  is 
the  wavelength,  t  is  the  time,  and 
(j)  is  the  phase.  The  light  then 
bounces  off  of  a  collimator  mirror 
which  acts  to  direct  the  rays  so 
that  they  are  now  parallel.  Then, 
the  light  hits  the  beamsplitter 
(B/S),  and  half  (call  this  packet  1, 

(Eo/2)cos(27tVQ-(t)2))  of  the  light  moves  through,  while  the  other  half  (call  this 
packet  2,  (EQ/2)cos(2TcvQ-<t)2-27t5/?i),  where  6  is  the  difference  in  the  length  of  the 
paths)  is  reflected  off  of  the  beamsplitter.  The  normal  to  the  B/S  surface  is 
oriented  45°  with  respect  to  the  incident  light.  Packet  1  passes  through  the  B/S, 
hits  the  fixed  mirror  and  is  reflected  back  to  the  B/S.  Packet  2  is  initially  reflected 
is  then  directed  to  the  moving  mirror.  Packet  2  is  reflected  off  of  this  moving 
mirror  and  directed  back  to  the  B/S.  If  both  the  fixed  and  moving  mirrors  are  at 
exactly  the  same  distance  from  the  B/S,  packet  1  and  2  will  recombine 


Figure  2.8-Schematic  of  a  Bomem  FTIR 
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constructively  at  the  B/S  and  move  on  through  the  sample  and  to  the  detector. 
This  condition  is  called  the  zero  point  displacement  (ZPD),  As  the  moving  mirror 
moves  away  from  the  B/S,  the  packets  recombine  in  a  less  constructive  fashion. 

Assuming  that  the  light  moves  along  the  optical  axis,  or  with  very  little  deviation, 
destructive  interference  occurs  when  the  path  difference  of  the  two  packets,  5,  is 
equal  to  r\kl2,  where  n  is  an  odd  integer.  Constructive  interference  occurs  when 
the  path  difference,  d,  is  mX/2,  where  m  is  an  even  integer.  If  the  mirror  moves 
with  a  fixed  velocity,  v,  the  difference  in  the  path,  6,  can  be  defined  as:  2vt.  The 
phase  difference  between  the  packets  is  then,  (47uvt)/X,  or  in  terms  of 
wavenumbers,  a,  47tavt  cos  a.  Assuming  that  the  path  of  the  rays  is  very  nearly 
paraxial  (i.e.  a  is  small),  the  intensity  of  the  resultant  electrical  signal  is  then:®° 

l(t)  =  (E§  /  4)cos(47tavt)  (2.17) 

From  this,  the  interferogram  (fig.  2.7c)  is  determined  by  integrating  eq.  2.17: 

1(1)  =  Jo  (Eq  /  4)cos(47tavt)da  (2.18) 

This  signal  is  then  deconvoluted  to  ascertain  the  experimental  spectrum. 

When  evaluating  absorption  experiments,  two  important  parameters  must  be 
considered:  the  resolution  and  the  signal-to-noise  ratio,  S/N.  In  a  FTIR  system, 
the  resolution  is  increased  by  lengthening  the  path  of  the  moving  mirror.  The 
raw  spectrum  of  the  FTIR  signal  is  measured  in  finite  elements  along  the  path  of 
the  moving  mirror.  Therefore,  if  the  number  of  elements  is  increased  by 
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extending  the  travel  of  the  mirror,  the  accuracy  of  the  raw  spectrum  is  increased. 
This  then  allows  for  a  better  resolution  in  the  transformed  spectrum,  resulting  in 
an  increased  experimental  resolution.®! 

FTIR  spectroscopy  is  carried  out  by  coadding  many  scans.  This  coaddition  is 
performed  so  that  the  determination  of  the  interferogram  can  be  more  precise. 
Therefore,  in  order  to  increase  the  S/N  ratio,  the  number  of  scans  is  increased. 
The  increase  in  the  S/N  ratio  follows  from  a  parabolic  increase  in  the  number  of 
sample  scans,  NSS  (i.e.  S/N«:NSS^^).®! 

2.3.1 .2  Operation  of  FTIR 

The  FTIR  spectra  shown  in  this  document  were  taken  on  a  Bomem  DAS 
spectrometer.  The  maximum  resolution  available  in  this  unit  is  0.003  cm’''.  This 
resolution  is  available  because  the  moving  mirror  is  capable  of  traveling  up  to 
1.25m  during  the  operation.  This  mirror  travel  is  contrasted  to  the  Bruker 
instrument  employed  during  the  early  stages  of  the  study;  the  Bruker  mirror  is 
capable  of  moving  10cm.  The  samples  were  mounted  on  a  copper  aperture  with 
a  dab  of  silver  impregnated  grease.  This  mounting  was  placed  into  a  Janis 
continuous  flow  cryostat  capable  of  liquid  helium  temperatures.  The  Janis 
cryostat  used  KRS-5  optical  windows  for  the  best  transmission  of  the  middle 
infrared  spectrum  (from  approx.  400  to  6000  cm*').  A  Globar  was  used  as  the 
source  for  all  of  the  experiments  using  this  tool.  For  the  measurements  in  the 
middle  infrared,  a  Si:B  photodiode  was  employed,  while  a  InSb  diode  was  used 
for  the  studies  in  the  5000  cm’^  region. 
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2.3.2  Diffraction  Grated  Opticai  Spectroscopy 

While  this  form  of  optical  spectroscopy  is  reiatively  simple,  the  information 
derived  can  be  of  great  use  in  analyzing  the  samples.  Much  of  the 
characterization  of  electrical  defects  in  this  study  was  assisted  by  diffraction 
grated  optical  absorption  (hereinafter  referred  to  as  optical  absorption  or  optical 
spectroscopy)  experiments.  The  principal  detractor  to  this  method  is  the  limited 
available  resolution.  This  limitation  is  a  result  of  the  difficulty  in  constructing  the 
device  used  to  disperse  light. 

2.3.2. 1  Theory  of  Optical  Spectroscopy 

During  the  advent  of 
spectroscopy,  the  first  tools 
employed  much  the  same 
mechanism  as  that  shown  in 
figure  2.9.  A  white  light  source  is 
shone  upon  a  diffraction  grating. 

This  action  separates  the  light  into 
the  spectrum  which  originally 
constituted  the  white  light.  An 
analysis  of  the  diffraction  grating 
follows  the  general  description  of 
the  experiment.  Now,  the 
separated  light  is  directed  through 
an  aperture  which  is  used  to 
select  the  desired  wavelength  of 
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light.  This  specific  light  is  then  passed  through  the  sample,  and  onto  a  detector. 
As  in  FTIR,  the  incident  photons  produce  an  electrical  signal  which  the  computer 
reads  as  a  function  of  the  wavelength  of  light. 

As  was  previously  mentioned,  the 
dispersor  of  light  in  this  experiment  is 
a  diffraction  grating.  Shown  in  figure 
2.10  is  the  edge  of  a  typical  grating.sa 
It  is  created  by  cutting  the  groves  into 
an  aluminum  coating  that  has  been 
applied  to  a  piece  of  optically  flat 
glass.  Typical  spacing  constants,  d,  are  between  0.3  and  5  pm. 

If  the  incident  light  is  perpendicular  to  the  plane  of  the  diffraction  grating,  the 
angle  of  construction,  for  light  with  a  wavelength  X  is  found  using  the  following 

equation;62 


_ 

i 

1 

Figure  2.10-Diffraction  grating  employed  for 
separating  light  into  its  respective  components®® 

nA.=dsin(l)  (2.19) 

where  d  is  the  distance  between  rulings,  and  n  is  the  order  of  the  diffraction.  As 
the  grating  is  rotated,  the  wavelength  of  light  passing  though  the  aperture  is 
changed. 

In  this  experiment,  there  are  two  classifications  for  resolution.  The  first  of  such 
classifications  is  the  maximum  experimental  resolution,  which  is  defined  in  part 
by  the  distance  between  the  rulings  on  the  grating.  A  functional  relationship  is  as 
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follOWS:59 


(^ocnN  (2.19) 

where  (2  is  the  resolving  power  of  the  instrument,  n  is  the  number  of  the  nth 

principal  maximum,  and  N  is  the  number  of  rulings  in  the  grating.  Therefore,  as 
the  number  of  rulings  on  a  grating  is  increased,  so  to  does  the  resolving  power  of 
the  instrument  increase. 

Alternatively,  the  resolution  of  a  given  experiment  is  defined  by  the  width  of  the 
slit  through  which  the  diffracted  light  is  passed.  In  order  to  obtain  higher 
resolution,  the  width  of  the  slit  is  decreased.  However,  as  the  slit  width  is 
decreased,  the  amount  of  light  passing  through  the  slit  is  also  limited.  With  the 
subsequent  losses  in  the  sample  and  cryostat,  the  smaller  amount  of  light  hitting 
the  detector  reduces  the  sensitivity  of  the  experiment.  From  this,  considerations 
need  to  be  made  with  respect  to  a  proper  balance  between  experimental 
resolution  and  detection  sensitivity. 

From  this  experiment,  the  detector,  source,  and  other  noise  in  the  system  should 
be  relatively  constant.  Therefore,  in  order  to  increase  the  S/N  ratio,  the  time 
constant  of  the  instrument  needs  to  be  increased.  The  time  constant  defines  the 
length  of  time  the  instrument  measures  the  absorption  signal  at  any  particular 
wavelength.  This  action  increases  the  integration  time  of  the  detector,  and 
thereby  the  detector  signal,  while  not  affecting  the  noise. 
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2.3.2.2  Operation  of  Optical  Absorption  Experiments 


The  optical  spectrometer  employed  during  these  experiments  was  the  Cary  05e. 
The  photon  energy  range  of  this  instrument  varies  from  0.5  to  4.2  eV.  The 
widest  band  gap  (4H  SiC)  examined  was  3.4  eV,  so  that  the  Cary  was  sufficient 
to  examine  the  entire  spectrum  of  silicon  carbide.  Additionally,  using  the  indium 
antimonide  detector,  and  the  globar  source,  the  Bomem  FTIR  ranged  up  to 
0.775  eV,  so  that  these  instruments  complemented  one  another.  The  cooling  of 
the  sample  was  performed  by  a  helium  closed  cycle  refrigerator,  capable  of 
temperatures  as  low  as  13K.  The  samples  were  mounted  in  much  the  same  way 
as  in  the  FTIR  experiments,  via  silver  impregnated  grease  on  a  copper  aperture. 
In  most  of  the  experiments,  a  secondary  illumination  source  was  employed  to 
modify  the  charge  state  of  some  of  the  impurities  in  the  SiC  matrix.  This  source 
was  in  the  form  of  a  400  W  halogen  bulb,  whose  power  was  continuously 
variable  from  1  to  1 00%.  The  maximum  resolution  of  the  instrument  was  1 .7 
meV  in  the  visible  and  0.17  meV  in  the  near  infrared. 
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3.  The  Vanadium  Donor 


One  attractive  feature  of  silicon  carbide  is  its  ability  to  form  high  resistivity 
substrates.  However,  as  was  indicated  earlier,  much  of  the  material  is  residually 
p-  or  n-type.  Since  the  process  of  growing  the  boules  cannot  be  made  pure, 
other  suitable  means  of  achieving  high-resistivity  material  must  be  developed.  In 
other  semiconductor  systems,  this  is  accomplished  using  intentional  doping  with 
elements  whose  electronic  levels  reside  near  the  center  of  the  band  gap,  as  in 
the  case  of  Cr-®3-  ^  doped  GaAs.  In  the  first  thirty  years  of  silicon  carbide 
development,  no  such  element  was  known.  Then,  in  1992,  a  group  in 
Germany^®  discovered  that  vanadium  produced  a  deep  donor  level  near  the 
center  of  the  band  gap.  This  discovery  of  the  vanadium  donor  level  has  led  to 
the  development  of  high-resistivity  SiC  boules  grown  by  physical  vapor  transport 
utilizing  vanadium  doping.^^ 

3.1  Prior  Research 

Prior  to  1 996,  the  research  into  the  nature  of  the  SiC:V  can  be  broken  down  into 
two  thrusts  based  upon  the  type  of  data  extracted:  structural  and  electronic.  The 
first  tool  used  in  the  discovery  of  vanadium  in  SiC  was  electron  spin  resonance 
(ESR),  which  coupled  with  absorption  experiments,  evaluated  the  structure  of  the 
vanadium  impurity.  However,  the  specific  utility  of  vanadium  as  a  deep  level  was 
not  realized  until  another  technique,  photo-ESR,  was  employed.  Photo-ESR 
allowed  for  the  determination  of  the  depth  of  the  resultant  donor  level  within  the 
SiC  band  gap. 
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3.1.1  ESR/Absorption 


The  first  report  of  the  substitutional  incorporation  of  vanadium  into  silicon  carbide 
was  published  in  1990.  Schneider  et.  al.®^  reported  on  the  ESR  and  FTIR 
spectrum  of  vanadium.  They  determined  that  their  ESR  data  possessed  peaks 
related  to  the  existence  of  vanadium  on  a  silicon  lattice  site  in  the  negative 
charge  state  (i.e.  V|j^).  The  data  from  FTIR  experiments  showed  a  spectrum  of 

several  sharp  absorption  lines  in  the  region  from  0.89  to  0.95  eV  (figure  3.1). 
The  absorption  bands  were  interpreted  as  an  intracenter  transition  of  vanadium 
from  the  ^E  to  the  multiplet.  These  are  doublet  states,  therefore  this 
transition  could  only 
arise  from  vanadium  in 
its  neutral  3d^ 
configuration,  or  Vgj^. 

Since  these  bands 
disappear  in  heavily  n- 
type  samples, 

Schneider  et.  al. 
hypothesized  that 
vanadium  produces  a 
deep  acceptor  level, 

\/q^  +  e"  ^  ,  within 

the  SiC  band  gap. 

Additionally,  the  ESR  signal  of  vanadium  in  its  Sd"*  charge  state  was  absent  in  p- 
type  samples,  which  indicated  that  another  deep  level  (a  donor), 
Vsi^  V|i^  +  e",  must  also  exist.  From  this  initial  work,  the  picture  of  the 


46 


electronic  structure  of  vanadium  in 


silicon  carbide  was  thought  to 
resemble  that  shown  in  figure  3.2. 
However,  no  experimental  evidence 
existed  relating  to  the  depth  of  the 
respective  levels. 

The  analysis  of  Schneider  et.  al. 
regarding  the  nature  of  the  Sd"* 
absorption  spectrum  was  based 
primarily  upon  conjecture  due  to  the 
ubiquitous  nature  of  vanadium.  A  confirmation  of  the  relationship  of  the  spectra 
to  vanadium  was  made  in  1993.®®  During  that  study,  magnetic  circular  dichroism 
of  the  absorption  (MCDA)-detected  ESR  was  used  to  examine  the  nature  of  the 
absorption  bands.  The  authors  found  that  each  possessed  the  requisite  octet 
arising  from  the  7/2  nuclear  spin  of  vanadium®''. 

Other  studies®®-  ®®  have  been  conducted  which  examine  the  selection  rules 
associated  with  the  intracenter  transition  in  greater  detail.  These  studies  have 
rigorously  specified  the  transitions  and  have  modeled  the  intensities  of  the 
resultant  bands.  However,  the  majority  of  important  work  regarding  the  nature  of 
vanadium  in  SiC  is  contained  within  the  previous  references  of  this  section. 

ESR  is  insufficient  to  determine  the  ionization  energy  of  the  resultant  electronic 
levels.  However,  based  upon  other  semiconducting  systems,  the  vanadium 
donor  level  was  thought  to  be  deep,  since  it  was  attributed  to  a  transition  metal. 
Transition  metal  dopants  commonly  produce  deep  levels  in  semiconducting 


^donor 


^acceptor 


^donor 


-  Ev 

Figure  3.2-Approximate  orientation  of  impurity 
levels  within  the  SiC;V  band  gap  based  upon  a 
preliminary  ESR  study®® _ 
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systenns7°  In  order  to  determine  the  ionization  energy  of  the  vanadium  donor 
level,  other  techniques  were  employed. 

3.1.2  Photo-ESR 

The  direct  means  by  which  researchers  discovered  vanadium  to  be  responsible 
for  a  donor  level  was  through  the  use  of  photo-ESR.'*®-  Not  only  did  they 
discover  that  vanadium  possessed  such  a  level,  but  also  ascertained  its  position 
at  1 .6  eV  above  the  valence  band  edge.  Figure  3.3  is  a  graph  from  their  study. 
Shown  in  this  figure  is  the  ESR  signal  of  the  neutral  vanadium,  versus  the 
photon  energy  of  an 
external  illumination 
source  for  a  p-type 
sample.  At  1.6  eV,  the 
ESR  signal  starts  to  rise 
indicating  that  vanadium 
becomes  populated  with 
electrons  from  its  initial 
3d®  configuration,  V||^, 
which  is  devoid  of 
electrons.  This  rise  is 
important  for  two 
reasons.  First,  it  proves 
that  there  is  a  level  in  the  band  gap  where  vanadium  transitions  between  the 
positive  and  neutral  charge  states  (i.e.  the  donor  level).  Second,  it  establishes 
the  position  of  the  donor  level  near  the  center  of  the  band  gap.  From  these 
results,  a  study  was  undertaken  to  determine  the  viability  of  intentionally 
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incorporating  vanadium  to  obtain  high-resistivity  material.  We  conducted  an 
examination  of  the  undoped  material  was  conducted  in  order  to  determine 
whether  it  was  suitable  for  eventual  vanadium  doping. 

3.2  Examination  of  Undoped  Material 

This  aspect  of  our 
research  can  be  broken 
into  two  components, 
optical  and  electrical 
characterization.  These 
undoped  samples  were 
grown  using  physical 
vapor  transport  at 
Northrop-Grumman 
(formerly 

Westinghouse).  The 
optical  characterization 
consisted  of  evaluating 
the  characteristics  of  the  near  infrared  and  visible  spectrum  to  determine  whether 
any  features  were  common  to  the  undoped  boules.  The  electrical 
characterization  was  employed  to  compare  impurities  in  these  boules  to  other 
known  contaminants.  Both  types  of  characterization  were  employed  toward  the 
common  goal  of  understanding  the  undoped  boules  by  discerning  the  chemical 
and  electrical  nature  of  the  principal  impurity. 


Figure  3.4-Low  temperature  (13K)  absorption  spectrum  of  a  6H- 
SiC  sample  contaminated  with  boron _ 


49 


3.2.1  Optical  Characterization  of  Undoped  Samples 


The  primary  tool  employed  at  this  point  was  the  Cary  5e  spectrophotometer.  In 
undoped  samples,  a  wide  featureless  absorption  band  (fig  3.4)  was  noticed  with 
a  threshold  at  0.70  eV,  a  maximum  at  1.75  eV,  which  extended  to  the  band 
edge.  A  band  similar  to 
this  was  observed  in 
intentionally  boron- 
doped  6H-SiC  and 
interpreted  as  due  to 
the  photoionization  of 
electrons  from  the 
valence  band  to  empty 
boron  acceptor  levels.^s 
However,  due  to  the 
lack  of  specificity  in 
figures,  another 

element  could  cause  the  band  observed  in  our  undoped  samples.  Therefore,  a 
study  of  the  temperature  dependence  of  the  band  was  undertaken.  The  results 
of  this  study  are  shown  in  figure  3.5.  As  the  temperature  is  increased,  the 
threshold  shifts  toward  lower  energies. 

The  absorption  spectra  were  collected  at  fourteen  different  temperatures  so  that 
the  behavior  of  the  band  could  be  modeled  and  an  activation  energy  of  the 


Figure  3.5-Photoionization  band  (lines)  and  their  least  squares  fit 
(symbols)  using  formula  3.1  at  three  temperatures _ 
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defect  extracted.  The  equation  used  to  model  the  behavior  was  adapted  from:^^ 


«>  /  -V  (E  +  rB-Eoot) 

a(E)  =  AJexp(-B^)i - 


1+r 


B 


dB 


(3.1) 


where 


b2  =  lio(Q-Q-0.)"  tanhfj^ 

hco  y2kT  j 


(3.2) 


Eqp^  is  the  energy  associated  with  the  optical  ionization  of  the  center  (i.e.  without 
a  lattice  relaxation),  E  is  the  energy  of  the  incident  light,  a(E)  is  the  absorption 
cross-section,  A  is  a  constant,  and  r  is  the  broadening  parameter  which  is 
defined  below.  During  the  fitting  process.  A,  r,  and  E^^p,  were  modified  according 
to  a  least  squares  method  to  obtain  the  best  correlation  with  the  experimental 
data.  Both  A  and  F  were  changed  for  each  temperature,  while  EQp^  was  assumed 
to  be  a  constant  (at  1.48  eV,  based  upon  the  fit)  throughout  the  temperature 
regime.  The  lines  in  figure  3.5  represent  experimental  spectra,  and  the  symbols 
represent  the  fit  to  that  data  using  formula  3.1.  In  order  to  determine  the  quality 
of  the  fit,  the  parameters  A  and  F  were  altered  in  such  a  way  as  to  find  the 
greatest  deviation  in  F  which  resulted  in  a  10%  increase  in  the  sum  of  the 
squares.  For  the  spectra  taken  at  low  temperature,  F  could  be  changed  by  up  to 
1%  to  bring  about  this  10%  increase,  while  for  higher  temperatures  F  could  only 
be  modified  by  0.3%  before  the  sum  was  increased  by  1 0%.  Since  such  small 
alterations  in  these  parameters  resulted  in  much  larger  changes,  the  fits  were 
deemed  as  representative  of  the  processes  occurring  in  the  samples. 
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As  was  previously  mentioned,  the  broadening  parameter,  r,  was  determined  as 
a  function  of  temperature.  This  dependence  was  further  modeled  by  the 
following  relationshipi^a 


where  T  is  the  temperature  at  which  the  absorption  measurement  was 
performed,  is  the  ionization  (thermal)  energy  of  the  transition,  is  the 
energy  of  the  phonon  associated  with  the  ground  state  of  the  defect,  and  Ep^^ 
is  the  energy  of  the  phonon  associated  with  the  ionized  (excited)  state  of  the 
center.  E^p,  was  once  again  assumed  constant  and  equal  to  the  value  used  in 
fitting  the  spectral  dependence  of  absorption  (1.48  eV).  The  three  free  fitting 
parameters  were:  two  phonon  energies  and  ionization  energy.  Among  these 
parameters,  hco^  is  uniquely  determined  by  the  fitting  procedure  and  is  equal  to 
32  meV  which  is  very  close  to  the  value  for  the  lowest  6H-SiC  LA  lattice  phonon 
mode.74  As  for  the  value  hrOg^^,,  boron  is  known  to  undergo  a  Jahn-Teller 
displacement^^  which  frequently  results  in  a  softening  of  the  phonon  modes. 
Based  on  this  fact,  one  expects  that  the  energy  of  the  phonon  associated  with 
the  ionized  state  of  boron  should  be  less  than  that  of  neutral  boron.  In 
considering  this,  the  best  fit  to  eq.  3.3  occurs  when  the  thermal  ionization  energy 
of  the  defect  is  in  the  0.3  to  0.4  eV  range.  From  the  proximity  of  this  value  to  that 
of  boron  as  determined  from  Hall  effect  measurements^e,  we  can  conclude  that 
the  absorption  band  is  caused  by  the  photo-ionization  of  electrons  from  the 
valence  band  to  the  neutral  boron  acceptor  level. 
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3.2.2  Hall  Effect  Measurements  on  Undoped  Samples 


Room  temperature  Hall  effect  measurements  on  undoped  6H-SiC  wafers 
frequently  showed  p-type  conductivity  with  carrier  concentrations  in  the  5x1 0^"^- 
IxlC®  cm‘^  range  and  mobilities  between  10  and  40  cmWs.  Corresponding 
resistivities  ranged  from  60  to  3000  Qcm.  This  work  focused  on  crystals  with 
higher  than  average  acceptor  concentrations,  and  the  numbers  above  represent 
the  upper  limits  of  the  contamination  range. 

Figure  3.6  is  plot  of  the 
undoped  sample 
possessing  resistivity  in 
the  lower  part  of  the 
previously  stated  range. 

The  curve  in  this  plot  is 
indicative  of  the 
ionization  of  a 
significant  percentage 
of  the  dopant 
responsible  for  the 
carriers.  In  order  to 
precisely  determine  the 
activation  energy  as 
well  as  concentrations  of  the  principal  dopant  and  compensating  species,  a  fit  to 
the  data  was  made  using  the  following  relationship  for  a  single  level,  partially 
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compensated  defect:^^ 


Po  = 

(3.4) 


_  2(N;,-Nd)  _ _ 

[1  +  (Nd  /  pNv  )exp(8A )] + ^|[1  +  (Nd  /  pNv  )exp(eA  )f  +  (4  /  pNv  XNa  -  No  )exp(8A  )} 


with  Nv  =2(27umhkT  and  =(Ea  -Ev)/kT 

where  the  adjustable  parameters  were:  the  acceptor  concentration,  N^,  the  donor 
concentration,  N^,  and  the  ionization  energy  of  the  defect,  E^-E^.  For  the 
impurity  level  spin  degeneracy,  p,  a  constant  of  6  gave  the  best  fit  to  the  data, 
and  the  value  1*mo  was  used  for  the  effective  mass  of  holes  in  the  valence 
band78  For  the  sample  whose  Hall  effect  is  shown  in  figure  3.6,  the  parameters 
extracted  from  the  non-linear  least  squares  fit  were:  activation  energy  - 
0.321  (±0.003)  eV,  acceptor  concentration  -  1.0(±0.01)x10^®  cm'^,  and 
compensating  donor  concentration  -  1.5(±0.15)x10''^  cm'^.  The  values  in 
parentheses  represent  the  deviations  which  result  in  a  10%  increase  in  the  sum 
of  the  squares  to  which  the  equation  was  fit.  Altering  either  the  acceptor 
concentration  or  ionization  energy  will  greatly  affect  the  quality  of  the  fit.  This 
indicates  that  these  parameters  are  appropriate  for  this  sample,  and  therefore 
the  values  discerned  are  reliable. 

The  activation  energy  extracted  from  the  fitting  procedure  is  in  good  agreement 
with  the  values  obtained  on  6H-SiC  samples  intentionally  doped  with  boron.^e.  78 
Spark  source  mass  spectroscopy  (SSMS)  was  also  employed  for  determining 
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the  concentrations  of  impurities  in  these  samples.  The  concentration  of  boron 
(via  SSMS)  was  found  to  be  within  a  factor  of  two  of  the  principal  acceptor 
impurity  observed  using  the  Hall  effect.  Based  on  this  SSMS,  Hall  effect,  and 
optical  absorption  data,  the  dominant,  acceptor-type  impurity  in  the  PVT-grown 
SiC  boules  was  identified  as  boron. 

As  discussed  above,  fitting  of  high  temperature  Hall  effect  measurements 
allowed  for  the  determination  of  the  total  concentration  of  uncompensated, 
substitutional  boron  acceptors  (N^-Np).  In  the  samples  examined,  this 
concentration  ranged  from  1x10^^  to  5x10^®  cm'®,  while  that  of  the  compensating 
species  tended  to  lie  in  the  range  from  1x10^®  to  2x10"'®  cm'®.  The  likely  sources 
for  this  contamination  is  the  charge  material  and  the  graphite  susceptor  used  in 
all  growths  of  PVT  SiC. 

3.2.3  Correlation  Between  Hall  Effect  and  Optical  Measurements 


By  taking  the  concentration  of 
boron  from  the  Hall  effect 
measurements,  and  correlating 
them  to  the  intensities  of  the 
photoionization  band 

absorption,  an  efficient  means 
of  determining  the  net 
concentration  of  boron 
acceptors  is  apparent.  This 
correlation  is  shown  in  figure 
3.7,  where  the  abscissa  is  the 
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net  concentration  of  boron  impurities  as  determined  by  high  temperature  Hail 
effect  measurements.  The  ordinate  represents  the  intensity  of  the  ionization 
band  at  13K,  which  is  determined  by  subtracting  the  background  absorption  at 
0.55  eV  from  the  maximum  intensity  at  1.75  eV.  This  correlation  provides  a 
secondary  confirmation  of  the  nature  of  the  photoionization  band.  Additionally, 
this  correlation  can  be  used  to  obtain  an  approximation  of  the  net  boron 
concentration  of  a  sampie  using  optical  spectroscopy.  This  method  is  easier 
than  using  Hall  effect,  because  the  difficulty  in  applying  contacts  is  avoided. 

3.3  Absorption  Spectra  of  Vanadium  Doped  Samples 

Once  the  study  of  undoped  samples  was  completed,  an  examination  of  samples 
doped  with  vanadium  was  undertaken.  Shown  in  figure  3.1  is  the  near  infrared 
spectra  of  a  vanadium  doped  sample.  Clearly  evident  are  the  absorption  bands 
attributed  to  the  excitation  of  vanadium's  3d^  electron  from  the  to  the  ^Tg 
multiplet.  Since  the  absorption  experiments  were  made  with  a  weak 
monochromatic  probing  light,  the  electron  occupancy  of  traps  is  unaffected. 
From  these  two  facts  that:  a)  vanadium  is  present  in  its  3d’  charge  state  and  b) 
the  sample  is  in  equilibrium,  the  Fermi  level  must  be  located  between  the 
vanadium  donor  (+/0)  and  acceptor  (0/-)  levels.  For  the  highest  resistivity  SiC, 
the  Fermi  level  should  be  pinned  to  the  vanadium  donor  level,  since  this 
configuration  produces  a  level  nearer  to  the  mid  gap.  Since  the  undoped 
samples  are  known  to  contain  boron,  the  likely  compensation  process  involved  in 
creating  material  with  the  Fermi  level  at  the  donor  level  becomes  apparent.  If  the 
vanadium  concentration  is  higher  than  that  of  uncompensated  boron,  the 
electrons  from  the  vanadium  donor  will  completely  fill  the  boron  acceptors.  The 
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excess  electrons  will  remain  on  the  vanadium  atom  pinning  the  Fermi  level  to  its 
level  near  the  middle  of  the  band  gap. 

An  examination  of  this  compensation  model  was  conducted  using  the  following 
procedure  coupled  with  the  following  two  sections.  The  first  step  was  to  examine 
the  effect  of  broad  band  illumination  on  the  population  of  vanadium  centers. 
This  effect  is  shown  in  figure  3.8.  Contained  within  the  figure  are  two 
experimental  absorption  spectra  taken  at  13K.  The  dashed  line  represents  the 
spectrum  taken  before 
illumination  with  a 
trans-band-gap  halogen 
light  source,  while  the 
solid  spectrum  was 
taken  after  10  minutes 
of  illumination.  The 
number  and  relative 
intensities  of  the  bands 
remained  the  same,  but 
the  intensities 

increased  by  70%  after 
illumination.  This  increase  is  due  to  the  greater  concentration  of  vanadium 
impurities  in  the  3d^  configuration.  This  shows  that  the  vanadium  donor  is  only 
partly  occupied  at  thermal  equilibrium.  At  this  point,  an  exact  determination  of 
the  compensation  ratio  is  not  possible,  since  the  percentage  of  centers 
populated  after  illumination  is  unknown.  Therefore,  only  an  upper  limit  (0.65)  for 
this  ratio  is  available.  However,  these  results  demonstrate  that  there  is  a  very 


good  possibility  that  the  Fermi  level  is  pinned  to  the  vanadium  donor  level.  The 
only  other  possibility  is  that  it  is  pinned  to  the  vanadium  acceptor  level. 

Before  continuing,  a  discussion  of  the  rationale  behind  the  exclusion  of  all  other 
possible  Fermi  level  positions  is  in  order.  For  an  understanding  of  the  following 
argument,  refer  to  figure  3.2.  If  the  Fermi  level  were  beneath  the  donor  level, 
there  would  be  no  3d^  absorption  in  the  pre-illumination  (dashed  spectrum) 
sample,  since  all  of  the  vanadium  should  be  in  the  3d°  configuration.  If  the  Fermi 
level  were  in  between  the  donor  and  acceptor  levels,  all  of  the  vanadium  in  the 
sample  should  be  in  its  3d^  configuration,  and  there  should  be  no  increase  in  the 
post-illumination  (solid  spectrum)  sample.  Finally,  If  the  Fermi  level  were  above 
the  acceptor  level,  all  of  the  vanadium  should  be  in  its  3d^  configuration,  and  the 
pre-illumination  sample  spectrum  would  not  contain  the  3d^  absorption  signal. 
From  these  arguments,  the  only  means  by  which  the  sample  illumination  could 
increase  is  if  the  Fermi  level  were  pinned  to  either  of  the  vanadium  deep  levels. 

To  confirm  that  the  Fermi  level  was  pinned  to  the  donor  and  not  the  acceptor 
level,  high  temperature  Hall  effect  was  carried  out  on  the  sample  whose 
absorption  spectra  is  shown  in  figure  3.8.  The  test  to  determine  the  position  of 
the  Fermi  level  in  this  sample  is  through  the  correlation  of  the  Hall  effect 
activation  energy  to  that  determined  by  the  previous  photo-ESR  work.^e 
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3.4  High  Temperature  Hall  Effect 


High  temperature  Hall 
effect  measurements 
were  performed  on  the 
sample  whose 

absorption  is  shown  in 
figure  3.8.  The 
mobilities  ranged  from 
140  (at  150°C)  to 
40  cmWs  (at  470°C). 

The  carrier 

concentration 
dependence  on 

temperature  is  shown  in  figure  3.9.  While  the  type  of  carriers  could  not  be 
determined,  the  relatively  high  mobilities  suggest  that  they  are  electrons.  The 
squares  represent  the  experimental  data,  while  the  solid  line  was  fitted  using  a 
simple  Arrhenius  relationship  (eq.  2.3)  with  the  ionization  energy  as  a  fitting 
parameter.  The  least  squares  fitting  method  produced  a  value  for  the  vanadium 
donor  ionization  energy  of  1.35  eV  (from  the  conduction  band).  Due  to  the 
difficulties  associated  with  obtaining  Ohmic  contacts,  only  one  sample  was 
examined. 

As  was  previously  mentioned,  photo-ESR  measurements  have  shown  that  the 
donor  level  is  located  1.6  eV  above  the  valence  band  (at  5K).  While  the 
techniques  (photo-ESR  &  high  temperature  Hall  effect)  cannot  be  compared 
directly,  due  to  the  different  temperatures  and  processes,  E^+1.6  eV  and 
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E^-1 .35  eV  would  represent  almost  the  same  energy  level,  since 
1 .6+1 .35~Eg.g,^.giQ=Ej,-Ey.  The  proximity  of  these  values  to  one  another  is 
sufficient  to  indicate  that  they  are  one  in  the  same. 

3.5  Model  of  the  Donor  Compensation  Process 

With  all  of  the  information  pertaining  to  the  positions  of  levels,  Hall  effect,  and 
absorption  data  in  the  previous  sections,  a  simple  schematic  model  can  now  be 
presented.  Additionally,  a  confirmation  of  the  chemical  nature  compensating 
species,  which  is  the  basis  for  these  models,  will  be  presented. 

3.5.1  Schematic  of  Energy  Levels 

Shown  in  figure  3.10a-e  are  the  processes  involved  in  the  previous  experiments. 
The  solid  circles  represent  filled  traps(electrons)  and  the  blank  circles  represent 
unfilled  traps(holes).  The  equilibrium  configuration  of  electronic  levels  in  an 
undoped  sample  is  shown  in  figure  3.10a.  One  boron  level  is  already  filled  due 
to  the  presence  of  a  donor  level  in  the  upper  half  of  the  band  gap.  Once 
vanadium  is  added  with  its  extra  electron  (figure  3.10b),  the  electron  will  drop 
into  the  empty  boron  orbitals.  If  the  concentration  of  vanadium  is  higher  than 
that  of  uncompensated  boron  (as  is  shown  here),  then  all  of  the  boron  orbitals 
will  be  filled  leaving  extra  electrons  on  the  vanadium  orbitals  (figure  3.10c) 
pinning  the  Fermi  level.  Shown  in  figure  3.1  Od  is  the  effect  of  the  broad  band 
illumination,  where  all  of  the  levels  are  emptied  into  the  conduction  band.  Once 
the  illumination  is  turned  off,  the  electrons  fall  into  empty  levels.  Depending 
upon  the  relative  capture  cross  sections,  they  will  fall  preferentially  into  either  the 
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Figure  3.10-a)Equilibrium  SiC  band  structure  with  only  boron  impurities,  b)same  sample  with 
vanadium  atoms  added,  but  during  quasi-equilibrium,  c)  equilibrium  band  structure  with  boron  and 
vanadium,  d)  excitation  of  carriers  to  bands  with  white  light  irradiation,  and  e)  resultant  electronic 
structure  with  a  preferential  distribution  of  carriers  towards  the  vanadium  impurities,  with  an 
increased  3d^  concentration. 


boron,  vanadium,  or  other  undetermined  levels. 


In  figure  3.1  Oe,  the  electrons  preferentially  fall  into  the  vanadium  level,  which 
correlates  with  the  observed  measurements  shown  in  figure  3.8.  This  sequence 
of  figures  represents  the  only  explanation  for  the  observations  of  the 
absorption/illumination  and  the  Hall  effect  experiments.  The  only  question  which 
persists  at  this  juncture  concerns  the  nature  of  the  compensating  species.  While 
boron  was  present  in  the  undoped  samples,  the  addition  of  vanadium  may  have 
introduced  another  acceptor  beneath  the  vanadium  donor  level.  In  order  to 
ascertain  whether  or  not  boron  is  in  fact  the  acceptor  level,  thermally  stimulated 
current  (TSC)  measurements  were  performed. 

3.5.2  Confirmation  of  Boron  via  TSC  Measurements 

Shown  in  figure  3.11  is 
the  experimental 

spectra  derived  from  the 
TSC  measurement  of  a 
SiC:V  sample.  Clearly 
evident  are  single 
Gaussian  peaks 

centered  about  300K. 

The  different  peaks 
result  from  altering  the 
heating  rate  from  0.1  to 
0.4  K/s  in  the  order 
delineated  by  the 
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overlaid  arrow.  From 
this  data,  a  fit  was  made 
to  equation  2.17  which 
relates  the  heating  rate 
to  the  activation  energy 
in  TSC.  The  power  of 
in  the  logarithm  can 
assume  values  from  3  to 
4.5  depending  upon 
several  factors  which 
cannot  be  determined 
without  more 

experimentation. 

However,  when  considering  the  total  range  (from  3  to  4.5),  the  activation  energy 
does  not  change  by  more  than  0.02  eV.  The  results  of  the  fit  are  shown  in  figure 
3.12.  On  the  ordinate  In^T"*  /pj  is  plotted  versus  1000/T  on  the  abscissa.  From 
this  plot,  an  activation  energy  for  the  center  responsible  for  the  TSC  peak  was 
determined.  This  value,  of  0.39  eV,  is  very  close  to  that  of  boron  determined 
using  Hall  effect  measurements.  Thus,  the  principal  compensating  center  in  the 
vanadium  doped  samples  is  boron. 
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4.  The  Vanadium  Acceptor 


In  order  to  fully  exploit  the  advantages  of  the  vanadium  donor  level,  the  other 
electronic  levels  imparted  by  vanadium  into  the  crystal  must  be  evaluated. 
These  other  levels  may  become  a  factor  in  the  electronic  character  of  SiC 
wafers,  if  sufficient  care  is  not  taken  to  avoid  their  introduction.  The  first  level  to 
be  examined  is  the  vanadium  acceptor.  Although  complexes  with  other 
omnipresent  impurities  may  be  present  (as  is  hypothesized  in  the  next  chapter), 
the  isolated  vanadium  acceptor  level  is  of  prime  importance.  Its  existence  was 
verified  in  the  very  first  examination  of  vanadium  in  SiC  by  ESR®^  even  before 
the  direct  observation  of  a  donor  level.  By  definition,  the  number  of  acceptor 
states  introduced  into  the  band  gap  is  identical  to  the  number  of  donor  states, 
since  they  result  from  the  same  impurity,  substitutional  vanadium.  If  these  levels 
are  close  to  one  another,  then  this  inquiry  is  moot,  as  the  bulk  electronic 
properties  of  the  crystal  will  be  similar  in  either  instance. 

4.1  Prior  Research 

As  was  previously  mentioned,  the  very  first  examination  of  vanadium  in  SiC 
yielded  the  existence  of  the  acceptor  level  at  a  position  above  the  donor  level.®® 
During  the  years  following  the  initial  discovery,  nothing  more  was  mentioned 
regarding  this  level.  Then,  in  1995,  Kunzer  et.  al.^®  proposed  that  the  acceptor 
level  was  at  most  0.62  eV  from  the  conduction  band.  This  hypothesis  was  based 
upon  their  statement  that  an  absorption  band  in  the  near  infrared  (at  5000cm''') 
could  be  attributed  to  the  vanadium  acceptor  ^Ag-^^Tg  intracenter  transition. 
They  concluded  that  since  this  band  was  obsen/able  in  absorption  and  not  in  PL, 
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the  final  state  (^Tg)  must  be  degenerate  with  the  conduction  band  edge. 
Therefore,  the  distance  from  the  conduction  band  edge  of  the  acceptor  level 
cannot  be  more  than  the  energy  of  the  transition,  or  5000  cm'^  (0.62  eV).  In  the 
following  chapter,  the  fact  that  no  relationship  exists  between  this  absorption 
band  and  the  vanadium  acceptor  level  will  be  proven. 

Yet  in  1995,  we  published  results  which  suggested  that  the  acceptor  level  was 
250  meV  from  the  conduction  band  edge.so  In  this  paper,  we  based  this 
estimate  upon  the  analysis  of  the  vanadium  bound  exciton;  which,  in  turn,  was 
premised  upon  an  analysis  of  the  titanium  bound  exciton.  This  estimate  was 
found  to  be  too  low. 

4.2  Study  of  Nitrogen  Doped  Samples 

In  order  to  partly  compensate  the  vanadium  acceptor  level,  a  shallow  donor  level 
must  be  added.  Furthermore,  this  donor  needs  to  be  in  sufficient  concentrations 
so  as  to  compensate  the  boron,  and  partially  fill  the  remainder  of  vanadium 
acceptor  levels.  Therefore,  an  understanding  of  the  vanadium  acceptor  level 
begins  with  an  understanding  of  the  principal  donor  species  in  the  SiC  system, 
nitrogen. 

Nitrogen  is  the  most  studied  element  in  the  SiC  system.  It  has  been  evaluated 
using  PL^i-sa,  Hall  effect^®-  FTIR®®-  87-92^  optical  absorption®®*^®,  and 

optical  admittance  spectroscopy®®-  lo®.  From  these  studies,  much  is  known 
regarding  the  mechanism  by  which  nitrogen  influences  both  the  electrical  and 
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optical  properties  of  the  common  SiC  polytypes.  These  particular  studies  can  be 
broken  into  two  primary  categories,  electrical  and  optical  analyses. 

4.2.1  Electrical  Properties  of  Nitrogen  in  SiC 

Based  upon  the  Hall  effect  studies  referenced  in  the  last  section, nitrogen 
in  6H  SiC  is  known  to  form  one  donor  level  at  85  and  two  donor  levels  at  about 
140  meV  below  the  conduction  band  edge.  The  presence  of  three  distinct  levels 
is  a  manifestation  of  the  structure  of  6H  SiC.  This  polytype  possesses  one 
hexagonal  (85  meV  level)  and  two  quasi  cubic  sites  (140  meV  levels).  However, 
some  Hall  effect  studies  have  shown  that  there  is  a  variability  to  the  activation 
energy  based  upon  certain  characteristics  of  the  sample.^s 

The  first  study^s  to  note  such  a  variability  correlated  it  to  the  number  of 
compensating  centers  in  the  samples.  This  study  gave  no  explanation  for  the 
unusual  behavior,  merely  referencing  articlesioi-ioa  which  did  not  support  their 
claim.  While  they  claimed  that  the  compensating  (minority)  species  controlled 
the  activation  energy  of  the  defect,  the  references  discussed  the  mechanism  by 
which  the  majority  species'  concentration  should  influence  this  parameter.  Van 
Daal's  work  was  further  supported  by  two  other  groups^e.  io4  ^ho  claimed  that 
altering  the  concentration  of  the  compensation  species  altered  the  activation 
energy  of  the  nitrogen  levels.  However,  another  author^os,  claimed  that  the 
activation  energy  of  the  nitrogen  donor  (in  3C)  is  dependent  upon  the  donor 
concentration  and  not  upon  the  acceptor  concentration.  This  latest  work  only 
covered  a  small  concentration  range  with  few  samples,  and  may  not  be 
statistically  significant.  The  first  work^oe  disputing  the  all  previous  authors'  claims 
was  put  forth  in  1993.  In  this  article,  Moore  claimed  that  another  center  (a 
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doubly  charged  nitrogen 
donor)  was  responsible 
for  these  shallower 
activation  energies.  The 
only  views  that  all  of 
these  authors  support 
are  the  dependence  of 
activation  energy  on 
other  parameters,  and 
the  maximum  energy  of 
the  nitrogen  donor  (85 
meV  for  N  on  a  6H 
hexagonal  site). 

A  definite  variation  existed  in  the  activation  energies  of  the  nitrogen-doped 
samples  examined  as  part  of  this  study.  Shown  in  figure  4.1  is  a  plot  of  the 
temperature  dependence  of  the  carrier  concentration  of  a  nitrogen  doped 
sample.  The  squares  represent  the  experimental  data,  while  the  line  is  the  fit  to 
the  data  using  a  least  squares  fit  of  the  following  transcendental  equation  for  a 
compensated,  multi-level  (j  in  all)  sample:^^ 


_  M 

,  +  no]=S 


N, 


'dj 


=i1  +  P5-’exp(T|  +  edj) 


(4.1) 


where  M  is  the  number  of  electronic  levels  contributing  electrons  to  the 
conduction  band,  is  the  concentration  of  acceptors,  Oq  is  the  concentration  of 
conduction  electrons,  is  the  concentration  of  jth  donors,  P|  is  the  impurity  spin 
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level  degeneracy,  e^j  is  the  reduced  activation  energy  for  the  jth  levei  (see  eq. 
3.3),  and  ri  is  equal  to  the  natural  logarithm  of  Oq/Nj,.  The  best  fit  occurred  when 
the  number  of  levels  was  fixed  at  1.  From  this  fit,  the  three  parameters  extracted 
were:  activation  energy  (84.6  meV),  donor  concentration  (1.37x10^°  cm'®),  and 
acceptor  concentration  (5x10^®  cm'®).  In  the  Hall  effect  data,  a  variation  in  the 
activation  energy  from  35  to  85  meV  was  observed.  However,  not  enough  work 
was  done  to  estabiish  which  of  the  currently  accepted  explanations  was  most 
representative  of  the  trends  in  our  samples.  No  samples  existed  with  activation 
energies  in  the  range  from  50  to  75  meV,  which  suggests  that  there  may  be  two 
types  of  shallow  donors.  This  absence  of  such  samples  suggests  that  the  latest 
interpretation  of  Moore  may  have  some  validity. 

Reports  from  researchers  using  thermal  admittance  spectroscopy  do  not  aid  in 
sorting  through  the  mystery  of  the  nitrogen  level  in  SiC.  One  groupio®  claimed 
there  to  be  only  one  level  for  the  hexagonal,  and  potentially  two  (unresolvable) 
levels  for  each  of  the  quasi-cubic  sites  of  the  6H  polytype.  These  levels  are  very 
near  the  values  determined  in  the  low-impurity  limit  of  the  Hall  effect  surveys  (i.e. 
83  meV  for  the  hexagonal  and  137  meV  for  the  quasi-cubic  sites).  The  other 
work  stipulated  that  in  the  low-impurity  limit  (<5x10^^  cm'®),  the  admittance 
measurements  exhibited  levels  at  80  and  1 1 0  meV  for  the  two  types  of  sites; 
however,  above  a  net  donor  concentration  of  1.5x10''®  cm'®  levels  at  30  and  40 
meV  existed.  The  existence  of  such  levels  support  the  more  recent  claim  that 
there  are  other  levels  present  in  the  samples  possessing  high  levels  of 
impurities. 
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4.2.2  Optical  Properties  of  Nitrogen  in  SiC 


Upon  the  introduction  of  nitrogen  into  silicon  carbide,  four  features  arise  in  the 
luminescence  and  absorption  spectra  depending  upon  the  levels  of  doping. 
These  features  are:  the  nitrogen  photoexcitation  spectrumio^,  free  carrier 
absorption,  the  free  carrier  interband  transition,  and  the  nitrogen  bound  exciton. 

The  nitrogen  photoexcitation  spectrum  has  been  studied  in  3C9°,  4H^^,  and 
6H5o.5i.9i  siC.  This  results  from  the  excitation  of  electrons  from  the  ground  state 
of  the  nitrogen  donor  to  other  excited  (hydrogenic)  states.  This  spectrum 
appears  as  a  set  of  bands  in  the  middle  infrared  at  about  the  ionization  energy  of 
the  nitrogen  level  for  the  respective  polytype. 

At  shorter  wavelengths,  the  nitrogen  affects  the  spectrum  by  introducing  a  broad 
free-carrier-like  absorption  band  in  the  near  infrared.  Shown  in  figure  4.2  is  a 
sample  spectrum.  This  effect  was  studied  by  Beidermann^^  in  1965  who 
examined  the  bands  in  4H,  6H,  8H,  and  15R  and  in  polarizations  both 
perpendicular  and  parallel  to  the  c-axis.  It  results  from  the  excitation  of  electrons 
from  the  ground  state  of  nitrogen  to  different  states  within  the  conduction  band. 
In  free  carrier  absorption,  electrons  are  excited  from  states  in  the  bottom  of  the 
conduction  band  minima  to  higher  states.  The  reason  why  the  bands  resemble 
free  carrier  absorption  is  because  the  nitrogen  donor  level  is  sufficiently  close  to 
the  conduction  band  edge,  so  that  the  electrons  behave  as  though  they  were  in 
the  bottom-most  states  of  the  conduction  band. 
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The  third  phenomenon 
of  SiC:N,  interband 
absorption,  can  also  be 
seen  in  figure  4.2  at 
about  16000cm'^ 

Dubrovskii  et.  al.^s 
stated  that  this  band 
resulted  from  the 
transition  of  an  electron 
from  the  filled  nitrogen 
level  to  an  upper 
conduction  band 

minima.  The  transition 
occurred  because  the  upper  minima  possessed  a  significant  density  of  states, 
which  augmented  the  likelihood  of  this  transition.  However,  the  authors  did  not 
indicate  the  specific  upper  conduction  band. 

Finally,  in  the  near  band  edge  spectrum,  nitrogen  incorporation  produces  lines 
due  to  excitons  bound  to  both  ionized^®’  and  neutra|83. 93, 95, 108  donors.  Both 
are  observable  in  absorption,  while  only  the  exciton  bound  to  the  neutral  donor  is 
seen  in  PL. 

These  features  in  the  spectrum  are  useful  tools  in  examining  samples  using 
optical  techniques.  The  free  carrier  absorption  band  yields  a  rough  estimate  of 
the  carrier  concentration  in  a  given  sample.  The  bound  exciton  line  can  indicate 
whether  the  Fermi  level  for  a  sample  is  above  or  below  the  nitrogen  levels,  and 


Figure  4.2-Optical  absorption  spectrum  of  a  heavily  N-doped  SiC 
sample,  evincing  FCA  and  1 6000  cm'^  bands _ 
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whether  any  nitrogen  is  present  in  p-type  samples  (i.e.  excitons  bound  to  ionized 
nitrogen). 

4.3  Examination  of  a  Boule  with  a  Unique  Doping  Scheme 

The  two  most  proven  means  of  characterizing  electronic  levels  in 
semiconductors  are  Hall  effect  and  DLTS.  These  are  mutually  exclusive 
techniques  because  the  Hall  effect  requires  that  the  Fermi  level  be  pinned  to  the 
level  in  question,  whereas  DLTS  necessitates  that  the  Fermi  level  be  shallower 
than  the  examined 
level.  In  order  to  use 
both  techniques  on  a 
given  boule  to  study  the 
same  defect,  the  Fermi 
level  must  change  as  a 
function  of  position 
along  the  boule. 

Initially,  we  believed 
that  the  vanadium  acceptor  level  resided  very  close  to  the  nitrogen  levels.  If  this 
were  true,  the  only  possible  way  to  examine  these  levels  via  Hall  effect  would  be 
in  the  case  of  a  vanadium  doped  boule  whose  nitrogen  content  was  high  on  the 
seed  end  and  decreased  as  the  growth  proceeded.  A  schematic  of  such  a  boule 
is  shown  in  figure  4.3.  DLTS  could  be  performed  on  samples  taken  from  the 
right  part  of  the  boule  (nearer  to  the  seed  end),  while  the  Hall  effect  samples 
could  be  taken  from  just  left  of  where  the  nitrogen  and  vanadium  concentration 
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lines  intersect.  This  boule  was  grown  in  a  PVT  reactor,  and  watered  to  produce 
both  Hall  effect  and  DLTS  samples. 

The  experiments  described  in  the  following  sections  employed  samples  from  this 
boule  with  the  intent  of  understanding  the  electrical  properties  of  the  vanadium 
acceptor  level. 

4.4  DLTS  of  n-type  Samples 

Shown  in  figure  4.4  is  the  DLTS  spectrum  of  a  sample  taken  from  a  4H  SiC 
nitrogen  and  vanadium  doped  boule  similar  to  that  depicted  in  figure  4.3.  C-V 
profiling  revealed  that  the  uncompensated  nitrogen  concentration  in  this  sample 
was  1.5x10^®  cm'®  at  room  temperature.  As  is  evident  in  this  figure,  the  DLTS 
signature  of  a  deep  level  defect  is  present  whose  maximum  ranges  from  400  to 
445K,  depending  upon  the  rate  window.  Additionally,  the  concentration  of  this 
defect  is  about 
3x10^^  cm'®.  In  order  to 
determine  the  activation 
energy  of  the  defect 
responsible  for  the 
DLTS  signal,  a  plot  of 
e/T®  versus  reciprocal 
temperature  was 

created,  and  is  shown  in 
figure  4.5.  The 
activation  energy  was 
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extracted  from  this  plot 
using  equation  2.11. 

The  activation  energy  of 
the  defect  was 

calculated  to  be  806(± 

20)  meV.  The  thermal 
velocity  of  electrons  in 

this  sample  was 

calculated  using  a 

method  devised  by 
Green. 109  With  this 

information,  the 

temperature  independent  capture  cross  section  was  determined  by  examining  a 
single  point  from  figure  4.5  and  was  found  to  be  I.SxIO’i®  cm^.  No  other  levels 
were  detected  in  these  samples  throughout  the  temperature  range  examined  (90 
to  450K).  This  fact  coupled  with  the  knowledge  that  these  samples  were 
intentionally  doped  with  vanadium,  suggests  that  this  may  be  the  sought  after 
vanadium  acceptor  level. 

Additionally,  since  these  samples  were  heavily  doped  with  vanadium,  the 
concentration  levels  as  determined  from  the  DLTS  spectra  are  deemed  to  be  the 
solubility  limit  of  isolated,  substitutional  vanadium  in  silicon  carbide.  As  a 
confirmation  of  this  statement,  secondary  ion  mass  spectroscopy  (SIMS) 
analysis  was  performed  on  samples  from  this  boule,  revealing  a  much  higher 
concentration  of  vanadium  than  is  observed  in  these  measurements.  This  fact 
suggests  that  the  additional  concentrations  of  vanadium  arise  from  crystal  sites 
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other  than  the  isolated,  substitutional  sites  which  contribute  to  these 
measurements. 

The  determination  of  the  solubility  limit  is  important  in  order  to  ascertain  whether 
or  not  vanadium  is  a  viable  candidate  for  the  creation  of  high-resistivity  material. 
In  the  majority  of  grown  crystals,  the  concentration  of  unintentional  impurities  in 
bulk  grown  SiC  has  been  reduced  to  beneath  the  3x10'”'  cm'^  level.  These 
factors  indicate  that  vanadium  is  a  suitable  deep  level  dopant  for  use  in 
appropriate  applications. 

4.5  Model  of  the  Acceptor  Compensation  Process 

While  DLTS  measurements  are  useful  in  determining  the  ionization  energy  of 
vanadium  acceptors,  it  is  an  indirect  technique.  The  rationale  behind  attributing 
this  806  meV  level  to  the  vanadium  acceptor  stems  from  the  fact  that  these 
samples  were  doped  with  vanadium  and  nitrogen.  However,  a  complex  or  other 
intrinsic  defect  could  be  responsible  for  the  observed  signal.  In  order  to  provide 
the  direct  confirmation  of  the  defect,  optical  absorption  and  Hall  effect 
measurements  are  performed.  A  schematic  of  the  compensation  in  samples 
whose  vanadium  acceptor  is  the  principal  active  electrical  defect  will  be 
presented.  Additionally,  an  analysis  of  the  differences  between  this  and  the 
donor  level  will  be  examined. 
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4.5.1  Optical  Absorption/Illumination  Experiments 


Shown  in  figure  4.6  are  two  absorption  spectra  observed  at  13K  from  a 
vanadium-doped  4H  sample.  Clearly  visible  are  the  characteristic 
intracenter  transition 
absorption  bands  from 
the  vanadium  3d^ 
center  in  the  4H 
polytype  at  0.929  and 
0.970  eV.65  The  solid 
line  represents  the 
spectrum  taken  under 
normal  operating 
conditions,  while  the 
dashed  spectrum  was 
taken  immediately 
following  a  10  minute  illumination  with  an  above-band  gap  halogen  source. 
Once  again,  the  initial  spectrum  is  assumed  to  be  in  equilibrium,  and  therefore 
the  Fermi  level  in  the  sample  is  pinned  to  either  the  donor  or  the  acceptor  level. 
The  other  possible  Fermi  level  configurations  can  be  excluded  due  to  the 
increase  in  the  absorption  spectrum  as  was  discussed  in  section  3.3 

If  the  Fermi  level  were  pinned  to  the  donor  level,  this  increase  would  be  the 
result  of  a  rise  in  the  population  of  vanadium  3d^  centers  from  electrons 
previously  residing  on  boron  centers  (figure  3.10).  Conversely,  if  the  Fermi  level 
were  pinned  to  the  acceptor  level  the  increase  in  the  signal  would  be  the  result  of 
a  different  mechanism.  Shown  in  figure  4.7  is  a  schematic  illustrating  the  likely 


Figure  4.6-NIR  absorption  spectrum  of  a  4H  V-doped  SiC  sample 
both  before  (solid  line)  and  after  (dotted  line)  illumination  from  a 
halogen  source _ 
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mechanism  in  the  case  of  6H-SiC.  In  figure  4.7a,  the  nitrogen  and  boron  levels 
are  shown  at  £^,-85  meV  and  E^+350  meV,  respectively,  with  the  nitrogen  levels 
partly  compensating  those  of  boron.  Then,  two  vanadium  levels  (at  £^.-1 .35  eV 
and  £j.-0.66  eV)  are  added  to  the  band  gap  (figure  4.7b).  The  position  of  the 
acceptor  level  (£c-0.66  eV)  was  chosen  based  upon  a  determination  of  its 
location  in  the  6H  polytype  via  Hall  effect,  as  will  be  seen  in  the  next  section. 
The  excess  electrons  on  the  nitrogen  orbitals  then  fall  into  the  empty  vanadium 
acceptor  levels  in  figure  4.7c.  Another  salient  point  is  that  under  these 
conditions  the  Fermi  level  is  pinned  to  the  acceptor  level.  As  light  is  shone  on 
the  sample,  the  electrons  from  all  of  the  levels  move  into  the  conduction  band 
(figure  4.7d).  After  the  light  is  turned  off  (figure  4.7e),  the  electrons  fall  into  the 
empty  levels.  With  the  low  temperature  experimental  conditions,  as  the 
electrons  fall  into  the  traps,  they  do  not  have  sufficient  thermal  energy  to  be 
excited  out  of  even  the  shallowest  of  traps.  Depending  upon  the  respective 
capture  cross  sections,  the  electrons  preferentially  fall  into  the  different  levels 
present  in  the  sample.  In  order  to  fill  the  vanadium  acceptor  levels,  two  electrons 
are  required  to  fall  into  the  same  center.  The  statistical  probability  of  capture  of 
two  electrons  is  significantly  lower  than  that  of  one.  Therefore,  the  concentration 
of  vanadium  centers  in  the  acceptor  level  configuration  would  not  be  as  high  in 
the  post-illuminated  samples.  Shown  in  figure  4.7e  is  the  likely  configuration 
after  the  light  is  turned  off.  The  population  of  the  3d^  centers  increases  because 
some  electrons  do  not  fall  back  into  the  acceptor  level.  In  order  to  confirm  this 
model.  Hall  effect  measurements  were  performed  on  the  same  sample  that  was 
the  subject  of  the  absorption  experiments. 
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Figure  4.7-Model  of  the  absorption/illumination  results  discussed  in  the  previous  sections- 
a)Equilibrium  SIC  band  structure  with  nitrogen  and  boron  impurities,  b)same  sample  with 
vanadium  atoms  added,  but  during  quasi-equilibrium,  c)  equilibrium  band  structure  with  boron, 
nitrogen,  and  vanadium,  d)  excitation  of  carriers  to  bands  with  white  light  irradiation,  and  e) 
resultant  electronic  structure  with  a  preferential  distribution  of  carriers  towards  the  vanadium 
impurities,  with  an  increased  3d''  concentration. 
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4.5.2  Hall  Effect  Examination  of  the  Acceptor  Level 


Plotted  in  figure  4.8  is 
the  resistivity  of  two 
vanadium-doped 
samples  as  a  function  of 
inverse  temperature. 

The  circular  symbols 
represent  the  resistivity 
of  a  6H  sample  ,  while 
the  squares  represent 
that  of  a  4H  sample. 

The  lines  in  the  graph 
are  a  least  squares  fit  of 
the  Ahhrenius 

relationship  between  temperature  and  resistivity  (modified  for  the  conduction 
band  density  of  states).  The  fitting  parameter  in  each  case  is  the  activation 
energy  of  the  defect.  The  ionization  energy  of  the  4H  sample  was  found  to  be 
0.80  eV,  or  exactly  the  same  as  for  the  vanadium  acceptor  determined  by  DLTS. 
The  position  of  the  acceptor  level  in  the  6H  material  was  found  to  be  0.66  eV. 

The  difference  in  the  band  gap  of  the  4H  and  6H  polytypes  is  0.30  eV.^^o 
Evwaraye  et.  al.^ii  has  shown  that  the  offset  between  the  conduction  bands  in 
these  two  polytypes  is  55%  of  this  value,  or  1 65  meV.  This  offset  is  nearly  the 
same  as  the  difference  between  the  positions  of  the  levels  observed  in  the  two 
polytypes.  Additionally,  localized  defects  (e.g.  transition  metals)  have  been 
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shown  to  produce  levels  dependent  upon  the  vacuum  energy  level  and  not  upon 
the  energy  of  the  conduction  band  minimaJ^^,  113  Coupling  these  two  facts,  the 
two  levels  observed  in  Hall  effect  are  most  likely  the  same  defect.  Moreover,  the 
4H  sample  is  the  same  as  the  one  used  in  the  absorption  experiments.  These 
factors  prove  that  this  level  is  the  vanadium  acceptor  level.  The  vanadium 
acceptor  level  is  so  deep  that  it  may  also  be  used  as  a  dopant  for  the  creation  of 
high  resistivity  material.  The  depth  of  the  level  in  the  4H  polytype  is  nearly  the 
same  as  the  EL2  defect  in  GaAs,  which  is  used  in  producing  semi-insulating 
substrates  for  device  development  in  that  system. 

The  tools  used  to  prove  the  existence  of  both  the  donor  and  acceptor  levels  are 
similar.  For  example.  Hall  effect  and  absorption  experiments  focused  on  similar 
material  (vanadium  doped)  and  on  similar  features  in  the  optical  spectra  (the  3d^ 
absorption  bands).  Additionally,  the  data  extracted  from  these  measurements 
are  also  similar  (i.e.  the  increase  in  the  3d''  absorption  when  examining  both  the 
acceptor  level  and  donor  level).  As  a  result  of  these  similarities,  some  subtle 
distinctions  must  be  underscored  to  prove  that  these  levels  are  unique. 

4.5.3  Differentiation  Between  the  Acceptor  and  Donor  Models 

Two  points  comprise  the  proof  necessary  to  deconvolute  any  ambiguity  existing 
after  these  studies.  The  first  point  relates  to  the  presence  of  two  levels  in  the 
band  gap.  The  second  point  is  connected  to  the  examination  of  another 
absorption  band  in  the  near  infrared  at  5000  cm'^ (0.625  eV).  This  5000  cm’^ 
band  can  be  used  to  differentiate  between  the  acceptor  and  donor  levels. 
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The  first  argument  against  the  models  proposed  in  the  previous  two  chapters 
maintains  that  these  two  bands  are  not  the  donor  and  acceptor,  but  that  both  are 
donor  levels  of  vanadium  impurities  on  different  substitutional  lattice  sites.  The 
levels  of  hydrogenic  impurities  tend  to  exhibit  this  lattice  site  dependence; 
therefore,  the  activation  energy  of  localized  defects  may  also  depend  upon  the 
local  atomic  structure  (i.e.  the  tetrahedral  symmetry  around  all  atoms  in  the  SiC 
lattice).  This  contention  is  eliminated  with  an  examination  of  the  illumination 
studies,  each  line  in  the  vanadium  absorption  spectra  changes  in  relatively  the 
same  fashion.  If  this  argument  were  true,  and  the  1 .35  eV  level  were  due  to  the 
cubic  site  and  the  0.66  eV  level  were  due  to  the  hexagonal  site,  one  would 
expect  that  the  line  attributed  to  the  hexagonal  site  would  not  change  in  the  study 
of  the  1 .35  eV  ievel,  and  the  converse  would  also  be  true  in  the  study  of  the  0.66 
eV  level. 

In  the  figures  depicting  the  absorption  data  of  the  3d''  bands  in  the  two  samples, 
the  remainder  of  the  absorption  spectrum  is  not  displayed.  The  purpose  of  the 
investigation  is  to  examine  the  vanadium  centers,  and  therefore  all  other  data 
was  excluded  in  the  analysis.  However,  another  band  at  5000  cm''' (0.625  eV) 
exists  supporting  the  differentiation  between  the  acceptor  and  donor  levels.  This 
band  is  further  studied  in  the  next  chapter,  but  one  aspect  is  important  to 
mention  at  this  juncture.  The  activation  energy  of  the  defect  responsible  for  this 
level  is  slightly  deeper  than  that  of  the  vanadium  acceptor  level  (see  section 
5.2.3).  In  samples  whose  activation  energy  relates  to  the  vanadium  acceptor 
level,  this  additional  band  is  always  present.  Whereas,  for  samples  whose  Fermi 
level  is  pinned  to  the  vanadium  donor  level,  this  band  was  noticeably  absent. 
This  provides  another  non-electrical  confirmation  of  the  Fermi  level  position's 
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change  in  the  various  samples  elucidating  the  different  deep  levels  related  to 
vanadium. 
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5  Other  Vanadium  Related  Features  in  Silicon  Carbide 


Beyond  isolated,  substitutional  vanadium,  other  electronic  centers  could  result 
from  the  incorporation  of  vanadium;  such  as  complexes  with  the  other 
omnipresent  impurities:  boron,  titanium,  and  nitrogen.  These  complexes  may 
result  in  electronic  levels,  detracting  from  the  semi-insulating  behavior  of  the 
isolated  vanadium  impurity.  In  this  chapter,  a  description  of  the  vanadium  bound 
exciton  will  be  discussed.  The  exciton  is  an  indicator  of  mechanism  by  which 
vanadium  interacts  with  the  SiC  crystal.  A  discussion  of  a  vanadium  coitiplex  will 
conclude  this  chapter. 

5.1  The  Vanadium  Bound  Exciton 

This  research  resulted  from  an  analysis  of  the  effect  of  vanadium  on  the  optical 
absorption  spectrum.  Several  small  absorption  bands  were  discovered  near  the 
fundamental  absorption  edge.  Based  upon  the  presence  of  these  bands  and  an 
analysis  of  the  nature  of  other  transition  element  bound  excitons  (e.g.  Ti),  a 
determination  of  the  position  of  the  vanadium  acceptor  level  was  made.  Based 
upon  later  experimental  work  (chapter  4),  this  estimate  was  found  to  be  incorrect. 
The  reason  for  this  discrepancy  has  yet  to  be  discovered. 

5.1 .1  Optical  Absorption  of  Near-Band-Edge  Absorption  Bands 

Shown  in  figure  5.1  is  a  typical  near-band-edge,  low  temperature  absorption 
spectrum  of  an  intentionally  vanadium-doped,  high-resistivity  6H-SiC  crystal.  In 
addition  to  the  well  known  crystal  field  absorption  bands®^  elsewhere  in  the 
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absorption  spectrum, 
three  weak  absorption 
lines  close  to  the 
fundamental  absorption 
edge  were  discovered. 
These  lines  are  located 
at  2.773,  2.801,  and 
2.886  eV. 

The  three  line  structure 
is  quite  common  in  the 
6H-polytype  of  silicon 
carbide.  Since  this 
polytype  has  three  inequivalent  sites  (a  single  hexagonal  and  two  quasi-cubic), 
the  absorption  or  luminescence  bands  which  result  from  substitutional  impurities 
typically  exhibit  three 
sets  of  no-phonon  lines. 

This  effect  has  been 
documented  in  the  case 
of  the  2e_^2t^ 

intracenter  transition  of 
vanadium65  and  in 
nitrogen-81,  titanium-ns^ 
and  boron-118  bound 
excitons.  This 

characteristic  fine 
structure  strongly 
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indicates  that  the  near-band-edge  absorption  is  due  to  a  substitutional  point 
defect. 

Measurements  on  4H  and  15R  polytypes  further  confirmed  this  conclusion. 
Depicted  in  figure  5.2  are  the  peak  positions  for  three  different  polytypes.  The 
structure  of  the  lines  depends  upon  the  polytype  examined.  The  difference  lies 
in  the  number  of  inequivalent  lattice  sites  each  polytype  possesses.  The  total 
number  of  sites  in  each  polytype  is  equal  to  the  total  number  of  lines  observed  in 
the  absorption  spectrum.  Additionally,  a  gap  is  present  in  each  spectrum 
between  two  subsets  of  high-energy  and  low  energy  lines.  This  gap  is  indicated 
at  the  bottom  of  the  figure.  The  number  of  lines  on  the  high  energy  side  of  this 
gap  is  equal  to  the  number  of  hexagonal  sites  in  each  polytype;  and,  the  number 
of  lines  on  the  low  energy  side  of  this  gap  is  equal  to  the  number  of  quasi-cubic 
sites.  The  15R  polytype  possesses  five  lines  at  2.764,  2.794,  2.821,  2.879,  and 
2.907  eV;  the  6H  polytype  possesses  three  lines  at  2.773,  2.801,  and  2.886  eV; 
and  the  4H  polytype  has  two  lines  at  2.811  and  2.899  eV.  This  correlation 
between  the  number  of  inequivalent  lattice  sites  and  absorption  lines  is  strongly 
indicative  of  the  substitutional  nature  of  the  responsible  defect.  Another 
important  point  is  that  the  energy  of  the  absorption  bands  do  not  shift  with  the 
band  gap  of  the  respective  polytype  (Eg=2.99  eV  for  15R,  3.02  eV  for  6H  and 
3.27  eV  for4H)iio. 

5.1.2  Relationship  of  the  NBE  features  to  the  Vanadium  3d^  Defect 

The  evidence  for  the  chemical  nature  of  the  impurity  responsible  for  the  near¬ 
band-edge  absorption  lines  is  shown  in  figure  5.3.  The  intensity  of  the  most 
pronounced  line  in  the  6H  near-band-edge  spectrum  (located  at  2.801)  is  plotted 
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versus  the  intensity  of  the  hexagonal  line  in  the  vanadium  3d^  crystal 

field  transition  (located  at  0.948  eV).  This  particular  intracenter  transition  line  is 
usually  referred  to  as  the  a-line  in  the  literature.®^,  es,  eg 


The  correlation  between  these  two  features  is  strong  with  small  deviations  due  to 


the  experimental  error  caused  by  the  small  intensities  of  the  near-band-edge 
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Figure  5.3-The  absorption  intensity  of  the  2.801  eV  peak  versus 

the  intensity  of  the  0.948  eV  peak  due  to  the  intracenter 

primarily  includes 

transition  of  vanadium. 

samples  which  were  either  p-type  or  heavily  n-type.  Most  likely,  vanadium  is 
present  in  these  samples,  but  not  in  the  3d^  charge  state.  As  was  alluded  to 
earlier,  the  2.801  eV  line  is  caused  by  the  exciton  bound  to  vanadium  on  one  of 
the  quasi-cubic  sites.  Of  the  three  lines,  this  one  exhibited  the  strongest 
absorption,  and  therefore  was  used  in  the  correlation  in  figure  5.3,  since  the  error 
in  calculating  the  absorption  intensity  would  be  minimized.  The  a-line  of  the 
transition  was  selected,  because  it  exists  as  a  singlet,  and  therefore  provides 
the  most  direct  correlation  to  the  concentration  of  vanadium  centers.  At  the  high 
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temperatures  involved  in  growth,  the  distribution  of  the  vanadium  atoms  among 
the  three  inequivalent  sites  is  not  expected  to  differ  much,  and  should  not  affect 
the  correlation. 

5.1.3  Confirmation  of  the  Chemical  Nature  of  the  Defect 

An  additional 

confirmation  of  the 
nature  of  the  near-band- 
edge  defect  can  be 
seen  in  figure  5.4. 

Shown  in  this  figure  is 
the  change  in 
absorption  intensity 
caused  by  the 
illumination  of  each 
sample  with  above-band 
gap  white  light.  As 
mentioned  in  the 
previous  two  chapters, 
this  increase  in  the  3d^  absorption  signal  after  illumination  results  from  the 
increase  in  the  density  of  vanadium  centers  in  the  3d^  charge  state.  The  results 
for  three  representative  samples  are  plotted  with  two  points  for  each  sample 
connected  by  a  line.  As  in  figure  5.3,  the  vertical  axis  represents  the  intensity  of 
the  2.801  eV  band,  while  the  horizontal  represents  the  intensity  of  the  a-line  of 
the  intracenter  transition.  The  open  symbols  represent  spectra  obtained  in  the 
dark  with  a  weak  monochromatic  probing  light.  The  closed  symbols  represent 
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the  respective  absorption  of  the  samples  after  five  minutes  of  broad  band 
illumination  with  a  halogen  lamp.  All  of  the  samples  were  taken  from 
intentionally  vanadium-doped  6H-SiC  crystals  partially  compensated  with  boron 
or  nitrogen  (i.e.  pinned  to  vanadium  donor  or  acceptor,  respectively).  Since 
the  absorption  of  each  sample  changes  at  the  same  rate,  both  absorption 
features  originate  from  the  same  state,  namely  the  state  of  the  3d^ 
configuration  of  substitutional  vanadium. 

5.1.4  Discussion  of  the  Nature  of  the  Absorption  Bands 

The  fact  that  the  absorption  bands  are  related  to  vanadium  is  the  first  step  in 
their  interpretation.  The  next  step  is  to  determine  why  they  appear.  There  is  no 
direct  way  to  prove  that  these  bands  are  related  to  excitons  bound  to  vanadium, 
but  a  process  of  elimination  leaves  this  as  the  only  possible  rationale  behind  their 
appearance. 

Three  types  of  electronic  transitions  from  the  state  of  vanadium  can  result  in 
the  appearance  of  narrow  absorption  lines  in  the  visible  part  of  the  spectrum. 
These  possibilities  include:  the  intracenter  transition  between  ^E  and  higher 
excited  crystal  field  states  of  vanadium  (other  than  the  ^Tg),  vanadium  donor- 
acceptor  pair  absorption,  and  excitons  bound  to  neutral  vanadium.  The  first 
possibility  is  quickly  eliminated  because  the  vanadium  donor  has  only  one 
electron  on  the  3d  shell,  and  there  are  only  two  crystal  field  terms  associated 
with  this  configuration:  ^E  and  As  previously  mentioned,  the  ^E-^^Tg 
transition  is  located  in  the  0.89-0.95  eV  range. 
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The  second  possible  interpretation  of  the  near-band-edge  absorption  is  a 
vanadium  donor-acceptor  pair(DAP)  transition.  In  this  case,  boron  is  the  only 
acceptor-type  impurity  possessing  concentrations  high  enough  to  participate  in 
this  type  of  transition  which  implies  a  vanadium-boron  DAP.  That  the  DAP  is 
responsible  for  the  observed  bands  is  unlikely  because  the  energy  of  a  DAP 
transition  results  from  a  transfer  of  an  electron  from  the  acceptor  to  the  donor 
species. .  In  other  words,  the  transition  should  be  located  at  approximately  the 
difference  between  the  donor  and  acceptor  activation  energies.  In  the  case  of 
vanadium  and  boron,  this  difference  is  1 .2  eV,  or  well  below  the  observed  value 
of  2.8  eV.  Even  if  the  acceptor  constituent  of  the  DAP  were  another  as  yet 
unidentified  species,  the  greatest  possible  value  for  the  DAP  would  be  the 
distance  from  the  vanadium  donor  to  the  valence  band  edge  (or  1 .65  eV). 

The  only  remaining  interpretation  of  the  near-band-edge  absorption  lines  is  the 
exciton  bound  to  neutral  vanadium.  In  the  more  prevalent  SiC  polytypes, 
impurity  bound  excitons  have  been  identified  for  several  different  elements. 
Elements  unambiguously  identified  as  binding  excitons  include:  N®^'  io8. 

117^  AP"'®'  ^1®,  011®,  and  Ti^i®*  120,  121,  These  excitons  can  be  broken  into  two 
groups.  The  first  type,  seen  with  regard  to  the  shallow  impurities  N,  B,  and  Al,  is 
caused  by  hydrogenic-like  electrons  and  holes  which  bind  to  impurities.  The 
energetic  position  of  excitonic  lines  is  related  to  the  energy  of  the  free  exciton 
corrected  by  the  binding  energy  of  the  exciton  to  the  defect.  As  a  result,  the 
energy  of  excitons  bound  to  a  hydrogenic  impurity  shifts  with  the  change  of  the 
value  of  the  band  gap  in  different  polytypes.’^®- 122 

The  second  type  of  bound  exciton  was  reported  in  the  SiC:Ti  system,  and 
corresponds  to  an  electron  occupying  a  tightly  bound  atomic-like  state  with  the 
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hole  in  an  extended  hydrogenic  orbitJ^-  123,  124  jhe  tightly  bound  electron 
produces  a  3d‘'  configuration  and  the  exciton  energy  is  expected  to  be 
independent  of  the  poiytype  in  much  the  same  way  as  the  energy  of  localized 
defects  is  independent  of  the  conduction  band  edges."' 12, 113  jhis  structure  of  the 
titanium  bound  exciton  results  in  a  defect  whose  luminescence  bands  do  not 
shift  with  the  band  gap  energy,  as  observed  in  four  SiC  polytypes,  4H,  6H,  15R, 
and  33R.121 

An  exciton  bound  to  neutral  vanadium  should  resemble  that  of  an  exciton  bound 
to  titanium.  The  extra  tightly  bound  electron  from  the  exciton  results  in  a  3d2 
configuration,  and  the  exciton  energy  is  not  expected  to  shift  with  band  gap 
energies,  as  is  seen  in  figure  5.2.  The  only  apparent  difference  between  the  Ti- 
and  V-  bound  exciton  is  the  lack  of  corresponding  photoluminescence  in  SiCiV. 
Upon  inspection  of  the  energy  band  diagram  of  6H*SiC,  one  observes  that  the 
vanadium  donor  level  resides  1 .35  eV  beneath  the  conduction  band  edge.  The 
energy  of  the  exciton  is  2.76  to  2.91  eV,  depending  upon  the  lattice  site  and 
polytype  where  the  exciton  exists.  Therefore,  when  the  exciton  recombines  ,  the 
excess  energy  is  transferred  to  the  remaining  electron  in  the  following  process: 

3d2(V)  +  h^3d^(V)  +  hv^3d°  +  ecb  (5.1) 

where  the  first  term  represents  vanadium  in  its  3d2  configuration.  The  second 
term  represents  the  hole  which,  along  with  the  second  electron  on  the  vanadium, 
comprise  the  bound  exciton.  During  the  recombination  process,  the  3d^  state  of 
vanadium  is  created  and  the  energy  associated  with  the  recombination  could,  in 
principle,  be  emitted  in  the  form  of  a  photon.  Instead,  the  hypothesis  is  that  the 
energy  (approx.  2.83  eV)  is  used  to  transfer  the  3d^  electron  (e^.^,)  to  the 
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conduction  band  leaving  vanadium  in  its  3d°  configuration.  This  Auger  process 
would  explain  the  lack  of  vanadium-bound  exciton  luminescence. 

5.1.5  Explanation  of  the  Relationship  of  the  VBE  to  the  Position  of  the 
Vanadium  Acceptor  Levei 

In  a  recently  published  journal  article,  we  asserted  that  the  position  of  the 
vanadium  acceptor  level  resulted  from  an  analysis  of  the  structure  of  the 
vanadium  bound  exciton.  The  depth  of  the  acceptor  level  was  then  determined 
to  reside,  at  most,  250  meV  from  the  conduction  band  edge.  As  seen  in  chapter 
4,  this  estimate  was  found  to  be  erroneous.  The  reason  behind  this  error  has  not 
been  ascertained,  but  the  250  meV  estimate  is  based  upon  inference,  and 
therefore  thought  to  be  much  less  reliable  than  the  acceptor  energy  discussed  in 
the  previous  chapter. 

5.2  The  V-X  Complex 

With  the  amounts  of  unintentional  impurities  present  in  the  PVT-grown  SiC,  there 
is  a  real  likelihood  that  the  vanadium  will  form  complexes  with  these  elements.  A 
priori,  there  is  no  way  of  determining  the  effect  of  such  a  complex  on  the 
electronic  level  structure  of  silicon  carbide.  During  the  course  of  an  investigation 
into  a  set  of  absorption  bands  at  5000  cm■^  a  vanadium  complex  (V-N  complex) 
was  found.  The  fact  that  vanadium  is  present  in  this  complex  will  be  established, 
but  due  to  the  lack  of  proper  experimental  means  (ESR)  the  second  component 
cannot  be  ascertained  unequivocally.  A  process  of  elimination  will  be  used  to 
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propose  that  nitrogen  is  the  second  element,  forming  a  vanadium-nitrogen 
complex. 

5.2.1  Review  of  Previous  Research 

The  discovery  of  this  defect  stemmed  from  an  examination  of  an  absorption 
band  (at  5000  cm’"')  found  in  the  NIR.  An  review  of  a  report  about  this  band  is 
critical  toward  an  understanding  of  the  complex's  chemical  nature.  The  report 
was  the  only  means  by  which  the  primary  chemical  species  of  the  complex  could 
be  ascertained.  It  also  provides  a  tool  for  assisting  in  the  determination  of  the 
second  element  in  the  complex. 

5.2.1 .1  Electronic  Transition 

The  discovery  of  the  V-X  complex  stemmed  from  an  examination  of  an  electronic 
transition  observed  in 
the  near  infrared 
spectrum  of  silicon 
carbide  samples. 

Shown  in  figure  5.5  is 
this  electronic  transition 
observed  in  a  typical  6H 
sample.  The  fine 
structure  is  defined  by 
two  no-phonon  doublets 
at  5000  cm’^  and 
4850  cm'"'.  These 
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bands  are  ubiquitous  in  n-type  silicon  carbide,  and  therefore  most  likely  related 
to  a  common  contaminant. 

The  next  question  to  be  asked  pertains  to  the  nature  of  the  absorption  band; 
whether  it  is  electronic  or  vibronic.  One  means  of  differentiating  between 
electronic  and  vibrational  transitions  is  to  examine  the  bands  in  both  n-  and  p- 
type  samples.  Electronic  transitions  are  dependent  upon  the  charge  state  of  the 
defect,  and  there  from  will  only  be  observed  in  either  p-  or  n-type  material,  not 
both.  Conversely,  vibrational  transitions  may  shift  with  charge  state,  but  will  be 
present  in  both  types  of  material.  The  5000  cm*^  band  were  not  observed  in  p- 
type  samples,  and  therefore  are  likely  related  to  an  electronic  defect.  The 
energy  position  of  the 
lines  also  supports  this 
fact.  The  most 
energetic  vibrational 
transition  is  related  to 
that  of  hydrogen,  and  is 
at  most  3300  cm'^ 

Additionally,  a  set  of 
phonon  replicas  is 
observed  between  5500 
and  6000  cm'^  The 
replicas  are  shown  in  figure  5.6.  Several  of  the  replicas  are  related  to  SiC  lattice 
modes,  except  for  one  at  683  cm’^  from  the  primary  band,  5000  cm'^  This 
specific  phonon  replica  is  important  for  the  discussion  in  a  future  section 
regarding  the  vibronic  transitions  of  this  complex. 


92 


5.2.1 .2  Review  of  a  Previous  MCDA-ESR  Study  of  the  Defect 


In  1995,  Kunzer  et.  al.^s  discussed  the  magnetic  circular  dichroism  of  the 
absorption  (MCDA)-detected  ESR.  In  this  paper,  they  used  MCDA  to  examine 
the  effect  of  magnetic  field  on  the  absorption  band  at  5000  cm'\  From  this,  they 
determined  that  the  defect  responsible  for  the  absorption  band  possessed  a 
nuclear  spin  of  7/2;  and,  the  defect  contained  two  electrons,  based  upon  the 
observation  of  a  second  ESR  band  for  the  Amg=2  transition.  From  these  factors, 
they  concluded  that  the  absorption  bands  resulted  from  the  intracenter  transition 
of  the  vanadium  acceptor  level,  ^Ag-^^Tg.  While  we  differ  with  their 
interpretation,  their  results  that  the  nuclear  spin  of  this  defect  is  7/2  and  that  it 
possesses  two  electrons  support  our  current  vanadium  complex  hypothesis.  The 
only  element  lacking  from  the  experiments  of  Kunzer  et  al.^s  was  that  they  did 
not  perform  angular  dependent  measurements,  which  would  prove  whether  or 
not  this  was  an  isolated-substitutional  or  a  complex  defect.125 

A  problem  with  their  interpretation  is  that  the  transition  they  propose  is  orbitally 
forbidden.  The  absorption  bands  appear  to  be  as  sharp  and  intense  as  the 
vanadium  3d^  absorption  bands,  which  are  both  spin  and  orbitally  allowed.  Not 
only  are  they  orbitally  forbidden,  but  one  expects  another  orbitally  allowed 
transition  to  the  next  excited  state  (^Ag^^j^)  at  an  energy  only  80%  greater  than 
the  5000cm'^  band  (i.e.  9000  cm’^).  This  other  absorption  band  has  not  been 
observed.  In  a  similar  arrangement  of  a  Sd^  transition  of  in  GaP,  GaAsi26, 
and  lnPi27^  the  ^Ag^^Tg  transition  is  a  small  peak  on  a  much  larger  ®Ag^®T., 
transition. 
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5.2.1 .3  Possible  Chemical  Composition  of  the  Defect.  Based  upon  MCDA-ESR 

In  order  to  determine  the  elements  of  the  complex  an  examination  of  the  ESR 
data  is  necessary.  This  section  is  used  to  determine  the  chemical  nature  of  the 
first  element  in  the  complex. 

Shown  in  figure  5.7  is  a  chart  of  the  elements  which  possess  naturally-occurring, 
nuclear  spins  of  7/2.  The  bars  represent  the  vapor  pressure  of  the  respective 
elements  at  2100°C  (i.e.  within  the  PVT  growth  temperature  range).  The  white 
bars  are  from  elements  whose  7/2  isotope  is  very  near  100%  of  the  natural 


Figure  5.7-Vapor  pressures  of  naturally  occurring  elemental  isotopes  with  a  nuclear  spin  of  7/2. 
White  bars-N.A.=100%,  black  bars-N.A.<100%. 
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isotopes  of  the  element.  Conversely,  the  dark  bars  show  elements  possessing 
isotopes  with  less  than  100%  natural  abundance  (N.A.).  In  the  MCDA-ESR 
article,  the  ESR  signal  of  the  defect  had  only  the  octet  representative  of  an 
element  whose  7/2  nuclear  spin  isotope  was  almost  100%  N.A.  From  this,  all  of 
the  dark  bars  can  be  eliminated.  This  elimination  leaves  a  total  of  seven 
elements.  Eliminating  rare-earth  elements  as  well  as  Cs  (whose  covalent  radii  is 
more  that  twice  that  of  Si),  all  that  remain  are  lanthanum,  scandium,  vanadium, 
and  cobalt.  SSMS  has  been  performed  on  many  of  these  boules  whether 
vanadium-doped  or  not,  and  there  has  been  no  record  of  lanthanum,  cobalt,  or 
scandium  in  any  of  the  samples.  However,  atomic  masses  which  are  at  or  near 
integral  multiples  of  either  carbon  and/or  silicon  must  be  excluded.  This 
exclusion  is  necessary  because  the  silicon  and  carbon  atoms  can  form  larger 
molecules  when  the  subject  is  evaporated.  For  example,  cobalt  has  a  average 
mass  of  59  amu  which  is  very  near  that  of  the  Sig  (at  58  amu)  and  the  Cg  (at  60 
amu)  molecules,  and  therefore,  cobalt  cannot  be  seen  in  SSMS.  Conversely, 
the  atomic  masses  of  both  scandium  and  lanthanum  are  sufficiently  different 
from  any  Si^Cy  molecules;  therefore,  they  would  have  been  observed  if  they  had 
been  present  in  these  samples. 

At  this  juncture,  only  vanadium  and  cobalt  remain  as  possibilities  for  the  first 
element  of  the  complex.  If  cobalt  were  part  of  the  complex,  it  would  contribute 
five  electrons  to  the  atomic  orbitals  after  four  are  consumed  in  bonding  with  the 
carbon  near  neighbors.  In  the  Kunzer  article,  the  defect  was  shown  to  possess 
two  electronic  particles  (either  holes  or  electrons).  Therefore,  the  other  element 
of  a  cobalt  complex  must  be  either  a  triple  acceptor  (to  leave  two  electrons)  or  a 
triple  donor  (to  leave  two  holes).  No  such  defect  exists  in  the  SiC  system,  which 
means  that  cobalt  cannot  be  part  of  this  complex. 


95 


From  this,  the  only 
possible  element  that 
may  contribute  to  the 
observed  ESR  signal  is 
vanadium.  Thus, 

Kunzer  et.  al.  were 
correct  in  their  analysis 
that  vanadium  was 
responsible  for  the 
examined  octet.  Since 
vanadium  is  known  to 
be  part  of  this  complex, 
a  study  of  the  nature  of  the  defect  was  performed  with  to  further  comprehend  its 
structure  and  chemical  composition. 

5.2.2  Characterization  of  the  5000  cm*^  Transition 

A  polarization  study  of  the  5000  cm'^  band  is  the  first  indication  that  the  defect 
responsible  is  a  complex.  Shown  in  figure  5.8  is  the  polarization  study  of  the 
5000  cm"''  defect.  Figure  5.8a  is  the  absorption  band  in  the  typical  polarization 
condition  (i.e.  Elc  axis)  taken  at  liquid  nitrogen  temperatures.  Whereas,  for 
figure  5.8b,  the  light  vector  (E)  is  parallel  to  the  c-axis.  In  the  latter  condition, 
either  no  absorption  is  observed,  or  the  absorption  is  within  the  S/N  ratio  of  the 
experiment.  For  cubic  symmetry,  the  selection  rules  necessitate  that  light 
absorption  experiments  excite  defects  identically  whether  the  light  is  polarized 
along  the  x,  y  or  z  (or  any  combination  of  x,  y,  or  z).  This  statement  stems  from 
the  fact  that  the  polarization  vector  is  triply  degenerate  under  cubic  symmetry. 


Wavenumber  (cm'’) 


Figure  5.8-Absorption  of  the  5000  cm'^  band  with  the  light 
polarized  both:  a)  perpendicular  and  b)  parallel  to  c. _ 
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and  therefore  the  triple 
product  of  the  initial 
symmetry,  the 

polarization  vector,  and 
the  final  symmetry  is 
identical  for  each 
polarization.  From  this 
significant  change  of  the 
absorption  in  the 
different  polarizing 
conditions,  some 

anisotropy  of  the  defect 
must  be  present  (i.e.  the  symmetry  must  be  lower  than  cubic).  The  first  likely 
symmetry  is  Cg^.  This  symmetry  wouid  imply  a  complex  whose  adjacent 
constituent  species  resides  on  a  substitutional  lattice  site  along  the  c-axis  of  the 
crystal. 

5.2.2.1  Vibrational  Transition  of  the  V-X  Complex 

As  described  earlier  (section  5.2.1. 1)  ,  a  set  of  phonon  replicas  was  observed 
adjacent  to  the  electronic  transition  attributed  to  this  complex.  These  replicas 
were  mostly  comprised  of  silicon  carbide  lattice  modes.  However,  one  replica  at 
683  cm'^  was  not  related  to  a  lattice  mode.  Shown  in  figure  5.9  is  a  MIR 
absorption  band  structure  observed  in  nearly  all  silicon  carbide  spectra.  These 
bands  are  intricate  which  makes  interpretation  difficult.  However  ,  they  were 
correlated  to  the  5000  cm'^  absorption  band  (figure  5.10). 


670  680  690  700 

Wavenumber  (cm'^) 

Figure  5.9-MIR  absorption  bands  attributed  to  the  vibrational 
modes  of  the  V-X  complex _ 
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This  correlation, 

coupled  with  the 
phonon  replica 

observed  near  the 
electronic  transition, 
indicates  that  the  bands 
at  683  cm’^  are  related 
to  the  V-X  complex. 

Due  to  the  position  of 
the  band  in  the  energy 
spectrum,  the  vibration 
is  not  associated  with 
the  vanadium  atom.  Therefore,  the  cause  of  this  absorption  band  must  be  the 
other  constituent  of  the  complex.  This  argument  is  confirmed  in  a  later  section 
(5.2.2.3).  The  structure  of  the  vibrational  absorption  band  is  not  yet  understood, 
but  may  be  related  to 
the  presence  of  the 
three  inequivalent  lattice 
sites  in  the  6H  polytype, 
coupled  with  the  low 
symmetry  of  the 
complex. 

To  further  complicate 
the  interpretation,  yet  to 
confirm  the  fact  that  this 
complex  is  of  a  low 
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symmetry,  a  polarization  study  of  the  683  cm‘^  absorption  band  is  shown  in 
figure  5.11.  An  examination  of  this  figure  illustrates  that  the  complex  is  highly 
non-symmetric  (i.e.  not  only  linear,  but  also  possessing  a  preferred  orientation 
along  the  c-axis).i28 

5.2.2.2  Correlation  Diagram  Based  upon  Symmetry  Arguments 

With  the  assumption  that  this 
complex  forms  a  center  with 
symmetry,  a  correlation  diagram 
can  be  constructed  to  show  the 
likely  transition  which  results  in 
the  5000  cm’^  band.  The 
correlation  diagram  shown  in 
figure  5.12  depicts  a  Cg^  center 
whose  upper  Tg  crystal  field 
term  is  split  into  an  upper  A^ 
and  a  lower  E  state.129  j^js 
results  in  a  crystal  field  splitting 
that  has  a  low  lying  E  state 
(termed  E^  in  the  diagram),  an 
upper  E  state  (termed  Eg  in  the 
diagram),  and  finally  a 
uppermost  A.,  state.  From  this 
correlation  diagram,  the  ground  state  of  the  complex  is  the  ^Ag  state,  while  the 
first  excited  state  is  the  ®E.  From  this,  the  transition  involved  in  the  observed 
absorption  band  is  the  ®Ag->®E.  In  order  to  ascertain  whether  or  not  this 
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transition  correlates  with  the  observed  polarization  study  (figure  5.8),  an 
evaluation  of  the  seiection  rules  is  necessary.  The  transition  is  spin-aiiowed 
based  upon  the  fact  that  the  spin  in  the  initial  and  final  states  are  identical.  In 
order  to  gauge  whether  the  transition  is  orbitaiiy  allowed,  the  cross  product  of  the 
initial  symmetry,  the  electric  dipoie,  and  the  finai  symmetry  must  contain  the 
totally  symmetric  representation,  A^.  This  is  illustrated  by  the  following 
relationship:'' 30 


x,y 

z 


%  +  Ai+E" 


contains  •  A^ 
does  •  not 


From  this,  the  cross  product  of  symmetries  for  light  polarized  aiong  the  x  and  y 
directions  contain  the  totaliy  symmetric  representation  (A^),  and  therefore,  the 
transition  is  orbitaiiy  allowed.  The  same  is  not  true  for  light  along  the  z  direction 
which  does  not  possess  the  A^  term.  These  arguments  suggest  that  the 
correlation  diagram  is  valid  for  the  observed  bands,  and  the  symmetry  is 
most  likely  a  correct  descriptor  of  the  defect's  symmetry. 

The  other  possible  transitions  that  this  symmetry  would  allow  include:  '^Ag^^Ag, 
^Ag-^^A^,  and  3A2-43E.  The  first  two  are  orbitaiiy  forbidden.  Section  5.2.3  will  be 
used  to  show  that  the  bottom-most  ^Ag  state  is  0.78  eV  beneath  the  conduction 
band  edge.  The  transition  to  the  first  ®E  state  is  0.625  eV,  and  therefore,  the 
upper  state  of  the  third  transition  (second  ®E)  is  most  likely  degenerate  with  the 
conduction  band.  This  degeneracy  would  significantly  shorten  the  time  the 
defect  would  be  allowed  to  exist  in  this  ®E  configuration,  vyhich  would  broaden 
the  transition  so  that  it  would  not  be  observed. 
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5.2.2.3  Model  of  Defect 


In  order  to  explain  the  polarized  absorption  bands  shown  in  figure  5.8,  the 
complex  must  also  be  directed  along  the  c-axis.  A  schematic  of  our  model  of  the 
defect  is  shown  in  figure  5.13.  The  vanadium  atom  is  substituted  on  the  silicon 
sub-lattice  and  the  unknown  second  element  is  shown  directly  above  it  on  the 
carbon  sub-lattice,  orienting  the  complex  along  the  c-axis. 

At  this  juncture, 
speculation  as  to  the 
chemical  nature  of 
the  unknown  element 
is  in  order.  In  order  to 
isolate  the  species, 
the  three  primary 
restrictions  are 
employed:  a)  that  the 
total  defect 

possesses  two 
electrons,  b)  the 
second  element  is 
ubiquitous  in  silicon  carbide,  and  c)  the  second  element  is  light  (will  be  discussed 
in  figure  5.14).  The  first  consideration  is  a  result  of  research  that  Kunzer  et.  al.^s 
performed  which  found  that  in  n-type  material,  the  complex  contains  two 
electrons.  This  factor  will  be  used  later  to  exclude  configurations  of  the  complex 
which  result  in  too  many  or  too  few  electrons. 
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The  683  cm'''  absorption  band  is  observed  in  the  vast  majority  of  SiC  samples, 
therefore  it  must  result  from  an  omnipresent  impurity  (i.e.  condition  two).  The  list 
of  common  contaminants  in  PVT-grown  SiC  include:  H,  N,  B,  Fe,  Na,  Mg,  Al,  S, 
Cl,  K,  Ca,  Ti,  V,  Cr,  Ni,  and  Zn.^s  Alternatively,  the  absorption  bands  may  be  the 
result  of  an  intrinsic  defect,  such  as  a  vacancy^s^-  interstitial 33-  ''34,  or  an  anti- 
sitei35,  which  have  been  shown  to  exist  in  other  semiconducting  system?. 
However,  the  formation  energies  of  such  defects  have  been  calculated  to  be 
much  higher  in  SiC.i36  This  higher  formation  energy  is  approximately  3  eV 
higher  than  in  another  comparable  lll-V  compound;  this  increase  translates  into 
orders  of  magnitude  fewer  defects.  Although  they  can  be  eliminated  at  this 
point,  prudence  dictates  that  they  remain  for  further  discussion. 

The  final  consideration  is  a  manifestation  of  the  position  of  the  683  cm’''  band  in 
the  SiC  vibrational  spectrum.  The  Restrahlen  region  is  a  part  of  the  absorption 
spectrum  where  the  optical  phonon  branch  completely  extinguishes  light  passing 
through  the  sample.  In  SiC,  the  optical  phonon  band  extends  from  750  to  about 
875  cm'^io  However,  a  region  that  extends  from  700  to  1000  cm'"'  completely 
absorbs  light  in  PVT  grown  samples.  The  region  between  the  bottom  of  the 
optical  band  and  the  top  of  the  acoustical  band  is  called  the  phonon  gap.  All 
modes  which  arise  in  this  region  are  called  gap  modes  (e.g.  the  683  cm'^  band  is 
a  gap  mode).  All  modes  which  arise  from  vibrations  more  energetic  than  the 
optical  phonon  bands  are  called  localized  vibrational  modes  (LVM).  Figure  5.14 
is  a  depiction  of  the  means  by  which  each  of  the  modes  can  be  created  in  a 
given  semiconductor.  In  this,  the  M  (m)  refers  to  the  mass  of  the  heavier  (lighter) 
atom  in  the  lattice.  The  M'  (m')  represents  the  mass  of  the  impurity  which 
substitutes  on  the  site  of  the  heavier  (lighter)  atom. 
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The  fact  that  these 


modes  are  within  the 
phonon  gap  indicate 
that  either  the  condition 
m'>m  or  M'<M  is  true. 

Secondly,  if  M'<M  were 
true,  the  gap  mode 
would  originate  from  the 
acoustic  band  which 
reaches  a  maximum  at 
500  cm'^  which  is 
183  cm'^  below  that  band  observed  here.  If  this  number  were  added  to  the  top 
of  the  optical  band,  another  set  of  absorption  bands  would  be  observed  at  about 
1055  cm*^  No  such  band  has  been  observed,  therefore,  this  condition  (M'<M) 
cannot  be  correct,  leaving  the  condition  m’>m.  This  consideration  is  the  most 
restrictive  of  the  three.  Therefore,  neglecting  the  significant  modification  of  the 
force  between  the  impurity  and  the  matrix  (which  would  affect  figure  5.14),  the 

I 

impurity  examined  must  be  heavier  than  the  carbon  atom  it  replaces.  Since  the 
band  lies  close  to  the  optic  band,  one  would  expect  the  impurity  to  be  only 
slightly  heavier  than  the  carbon  atom.  This  argument  alone  is  sufficient  to 
eliminate  all  elements  save  nitrogen.  However,  in  order  to  be  complete  all  atoms 
with  masses  up  to  that  of  silicon  will  be  considered.  Coupled  with  the  first 
limitation,  the  list  of  elements  becomes:  N,  O,  Cl,  Na,  and  Al. 

The  third  consideration  immediately  excludes  all  acceptor  type  impurities,  since 
the  addition  of  one  hole  to  the  one  electron  of  the  vanadium  impurity  results  in 
zero  electrons  for  the  complex.  Even  if  a  vanadium-acceptor  complex  produced 


m’<m  m’>m  M’<M  M’>M 


Localized 
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Figure  5.14-Schematic  showing  the  relationship  of  the  impurity's 
mass  to  the  type  of  mode  induced.  The  key  for  the  masses  is: 
M‘-the  impurity  on  heavy  site,  M-heavy  atom,  m'-the  impurity  on 
lighter  site,  m-light  atom^ _ 
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an  acceptor  level  within  the  band  gap,  it  would  add  only  one  electron  to  the 
complex,  not  two.  Therefore,  all  of  the  group  III  type  impurities  can  be  eliminated 
(i.e.  B  and  Al).  The  next  type  of  element  considered  are  those  belonging  to 
group  IV.  Since  the  site  is  on  the  carbon  sub-lattice,  carbon  is  eiiminated,  as  this 
would  create  the  isolated  vanadium  impurity.  A  silicon  anti-site  is  the  next 
possibility,  but  extremely  unlikely  due  to  its  weight.  However,  the  possibility  of 
the  silicon  anti-site  cannot  be  completely  excluded.  The  next  category  (group  V) 
contains  the  most  iikeiy  choice,  nitrogen.  This  would  contribute  the  necessary 
electron  to  yield  the  Amg=2  transition  in  the  MCDA-ESR  study.  Nitrogen  fulfills 
the  three  conditions  previousiy  delineated.  Group  VI  and  group  VII  elements 
would  yield  too  many  electrons  (i.e.  O  and  Cl).  Conversely,  group  I  (i.e.  Na)  yield 
too  few  electrons.  At  this  point  the  list  of  possible  elements  contains  only 
nitrogen  and  hydrogen. 

Hydrogen  is  a  natural  choice  for  the  second  element  due  to  its  high  diffusivity  in 
most  semiconducting  compounds.i^^.  138  ns  electron  would  be  needed  to  form 
the  bond  with  vanadium;  but,  the  complex  could  act  as  an  acceptor  state  which 
would  yield  the  extra  electron  observed  in  the  ESR  study.  The  main  problem 
with  hydrogen  as  the  second  component  is  its  light  weight.  It  tends  to  form 
LVMs,  not  gap  modes.  Even  in  more  weakly  bound  semiconductors  (e.g.  GaP), 
the  hydrogen  in  a  complex  vibrates  at  frequencies  on  the  order  of  2200  to 
2400  cm*^  or  3.5  times  more  energetic  than  that  observed  in  the  case  of  the 
683  cm'^  band. 139-  jhe  force  constants  between  hydrogen  and  the  silicon  and 
vanadium  nearest  neighbors  wouid  need  to  be  significantly  reduced  to  make  up 
for  its  extremely  low  mass.  Therefore,  it  is  a  highly  unlikely  choice.  Other  modes 
of  hydrogen  exist  which  may  vibrate  at  energies  within  the  phonon  gap,  but  the 
LVM  should  also  be  observed  in  the  aforementioned  range. 
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With  most  of  the  periodic  table  eliminated,  except  nitrogen,  one  other  possibility 
remains:  a  carbon  vacancy.  The  electronegativity  difference  between  silicon  and 
carbon  (0.65)  is  as  great  as  any  of  the  non-nitride  lll-V  compounds.  From  this,  a 
carbon  vacancy  may  yield  the  extra  electron  necessitated  by  the  ESR 
experiment.  However,  a  vacancy  is  not  an  appropriate  choice,  because 
vacancies  do  not  produces  absorption  bands. 

As  a  result  of  these  arguments,  the  most  likely  candidate  is  nitrogen.  Another 
issue  which  must  be  addressed  is  the  preferential  orientation  of  the  complex 
along  the  c-axis.  This  is  not  difficult  to  rationalize  because  such  a  phenomenon 
is  observed  in  another  transition  element  complex  (Ti-N),  which  preferentially 
orients  perpendicular  to  the  c-axis.^^i  jhe  reason  behind  this  is  not  well 
understood,  but  if  the  Ti-N  complex  has  a  preferred  orientation,  not  much 
rationalization  is  required  to  substantiate  the  preferred  orientation  of  the 
vanadium-nitrogen  complex. 

5.2.3  Depth  of  the  V-X  Complex  in  the  SiC  Band  gap 

As  was  previously  mentioned,  one  reason  behind  the  study  of  this  complex  was 
to  determine  whether  it  would  detract  from  the  high-resistivity  nature  of  vanadium 
doped  silicon  carbide  boules.  lliis  is  partly  established  through  the 
determination  of  the  depth  of  the  V-X  level  in  band  gap.  DLTS  measurements 
on  samples  discussed  in  the  previous  chapter  revealed  that  there  were  no  other 
deep  levels  in  the  temperature  range  examined.  For  this  reason,  optical 
admittance  spectroscopic  (OAS)  measurements  were  employed  to  correlate  the 
683  cm’^  absorption  band  to  a  deep  level  observed  in  the  OAS  spectrum.  The 
OAS  measurements  were  carried  out  by  Evwaraye  and  Smith  at  Wright 
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Patterson  AFB.  Shown 
in  figure  5.15  is  the 
correlation  between  the 
683  cnr^  absorption 

band  and  an  OAS  deep 
level  at  0.78  eV.  This 
figure  was  constructed 
from  five  samples  (two 
at  the  origin  and  two  at 
the  upper  right),  and 
therefore,  strongly 
suggests  that  the  deep 
level  and  the  683  cm'^  absorption  band  are  related.  From  this  correlation,  we 
conclude  that  the  V-X  complex  creates  a  level  at  0.78  eV  from  the  conduction 
band  edge. 

If  the  V-X  complex  is  actually  a  vanadium  nitrogen  complex,  the  type  of  deep 
level  can  now  be  determined.  Since  the  MCDA-ESR  study  was  performed  on  n- 
type  samples,  the  Fermi  level  is  presumably  above  the  level  of  the  V-X  trap.  In 
that  study,  the  defect  possessed  two  electrons  which  would  be  contributed  by  the 
vanadium  and  nitrogen.  Therefore,  since  the  trap  is  filled  and  the  number  of 
electrons  equals  the  number  that  each  constituent  atom  introduces,  the  unfilled 
trap  will  contain  one  less  electron  than  the  intrinsic  configuration  (i.e.  (0/+)).  This 
implies  that  the  trap  will  contribute  one  electron  to  the  conduction  band.  In  other 
words,  the  trap  is  a  deep  donor. 
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There  are  two  implications  which  derive  from  the  fact  that  this  level  is  deeper 
than  that  of  the  vanadium  acceptor  level.  First,  the  complex  should  not  detract 
from  the  resistivity  of  the  crystal  any  more  than  that  of  the  vanadium  acceptor 
level.  Second,  the  absorption  band  at  5000  cm'^  cannot  be  related  to  the 
acceptor  level,  as  Kunzer  et.  a\7^  stated,  since  it  is  related  to  a  deeper  defect. 
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6.  Summary  of  Results 


The  importance  and  utility  of  vanadium-doped  silicon  carbide  is  underscored  by 
the  present  research.  The  data  taken  regarding  the  solubility  limit,  as  well  as  the 
electronic  levels  produced,  evince  that  vanadium  is  a  viable  deep  level  dopant  in 
the  SiC  system.  The  three  defects  that  were  analyzed  during  this  investigation 
into  the  nature  of  vanadium  incorporation  in  SiC  include:  the  vanadium  donor, 
the  vanadium  acceptor,  and  the  V-X  complex. 

6.1  The  Vanadium  Donor 

These  experiments  confirmed  the  previous  interpretation  that  vanadium 
produces  a  donor  level  (0/+)  at  1 .35  eV  beneath  the  conduction  band  edge  of  the 
6H  polytype.  This  was  accomplished  using  high  temperature  Hall  effect 
measurements.  The  fact  that  the  level  at  1.35  eV  was  related  to  vanadium  was 
confirmed  using  optical  absorption  measurements  to  selectively  modify  the 
population  of  vanadium  centers.  Additionally,  boron,  a  major  contaminant  in 
undoped  SiC,  was  shown  to  compensate  the  vanadium  donor  level. 

6.2  The  Vanadium  Acceptor 

The  position  of  the  vanadium  acceptor  level  (0/-)  was  established  at  0.66  (0.80) 
eV  beneath  the  conduction  band  edge  for  the  6H  (4H)  polytype.  Both  Hall  effect 
coupled  with  absorption  and  DLTS  were  used  in  the  case  of  the  4H  polytype, 
whereas  only  Hall  effect  was  used  In  the  6H  samples.  A  unique  doping  scheme 
using  both  nitrogen  and  vanadium  greatly  assisted  in  the  discernment  of  this 
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level.  The  DLTS  measurements  aided  in  providing  a  deeper  understanding  of 
the  vanadium  impurity.  The  complementary  SSMS  data  indicated  that  vanadium 
had  reached  the  solubility  limit.  The  DLTS  showed  that  there  were  3x10^^  cm’^ 
electrically  active  vanadium  centers.  At  this  level  of  incorporation,  the  vanadium 
donor  is  a  viable  mechanism  for  the  production  of  high-resistivity  silicon  carbide. 

6.3  Other  Vanadium  Defects 

This  study  showed  that  vanadium  in  its  3d^  configuration  binds  excitons.  These 
excitons  are  manifested  in  the  form  of  a  set  of  absorption  bands  in  the  near¬ 
band-edge  absorption  spectrum.  The  lines  do  not  shift  with  the  band  edge  and 
are  in  the  range  from  2.76  to  2.92  eV. 

The  other  defect  vanadium  incorporation  produces,  a  complex,  is  responsible  for 
an  electronic  transition  in  the  near  infrared  spectrum  at  5000  cm’L 

Absorption  experiments  have  shown  that  the  complex  aligns  along  the  c-axis. 
The  other  component  of  the  complex  is  undetermined,  but  experimental 
evidence  strongly  suggests  nitrogen.  This  complex  has  also  been  shown  to 
create  a  deep  level  at  £^,-0.78  eV  (OAS).  This  information  is  in  conflict  with 
another  model  proposing  that  these  5000  cm'^  absorption  bands  are  related  to 
the  vanadium  acceptor  level.^^ 

6.4  Future  Research 

The  first  item  which  must  be  addressed  concerns  the  nature  of  the  vanadium 
complex.  The  best  course  of  action  would  be  to  study  the  effect  of  polarization 
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on  samples  of  the  three  predominant  polytypes  in  an  effort  to  characterize  the 
vibrational  absorption  bands  obsen/ed  in  the  middle  infrared  spectrum.  A 
careful,  high  resolution  study  of  the  electronic  transition  in  these  three  polytypes 
would  also  be  helpful.  One  point  not  yet  established  is  whether  the  band  of  lines 
in  the  MIR  relate  to  more  than  one  defect.  A  study  of  the  relative  intensities  of 
the  683  cm‘^  absorption  band  in  a  variety  of  samples  would  aid  in  solving  this 
problem.  Beyond  these  absorption  studies,  an  orientation  dependent 
examination  of  the  MCDA-ESR  spectrum  of  the  5000  cm'"'  band  would  further 
confirm  this  as  a  linear  defect.  The  ESR  should  also  be  able  to  elucidate  the 
chemical  nature  of  the  complex's  other  component. 

The  other  aspect  of  this  research  remaining  unresolved  concerns  the  position  of 
the  vanadium  donor  level  in  the  4H  polytype.  Although  optical  admittance 
spectroscopy  has  shown  that  the  level  is  closer  to  the  exact  middle  of  the  band 
gap.  Hall  effect  should  be  employed  since  this  technique  yields  a  result  which 
can  be  more  readily  compared  with  other  studies. 
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